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ABSTRACT 
This thesis contains two main parts: synthesis of ionic liquids and their precursors, 
and measurement of the physical-chemical properties of the ionic liquids synthesized. 
The first part describes a study of the successful synthesis of 22 ionic liquids and their 
precursors, including 12 novel compounds ([RC1im][X] and [RC1pyrr][X] where R=C4, C5, 
C2OC2C1, SiOSiC1, (SiO)2SiC1, X=Cl, NTf2). In this study a reliable and rigorous method for 
the synthesis of ionic liquids in a good yield and high quality was developed. The ionic 
liquids synthesized contained a variety of cations containing alkyl, ether, disiloxane and 
trisiloxane side chains.  All the ionic liquids contained the bis(trifluoromethylsulfonyl) imide 
anion.  
 The second part of the project was the study of the physical-chemical properties of the 
ionic liquids synthesized. Understanding these physical-chemical properties is required 
before any applications can proceed. The polarity, density, thermal stability, viscosity, 
conductivity and diffusion coefficients of the ionic liquids were measured and described. The 
Kamlet-Taft  values of the ionic liquids are dominated by the nature of cations whereas the 
 values are controlled by the nature of the anion. The polarizability values, * were lowered 
by having siloxane side chains in comparison to alkyl and ether side chains. Ionic liquids with 
an ether side chain showed the highest density of those studied. The thermal stabilities of the 
ionic liquids followed the order alkane > ether > disiloxane > trisiloxane substituent. From a 
transport property point of view, it can be concluded that the less viscous the ionic liquids, 
the faster the movement and higher the diffusion coefficient of the ions.  
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Scheme 5.3: Drying process to remove water in [(SiOSiC1)2im]Cl via a chemical reaction. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Green Chemistry and Green Solvents. 
The chemistry community has been motivated to develop and apply new chemical reactions 
that are less hazardous to human health and the environment. One approach is to apply 
principles that were introduced by Paul Anastas in 1998 known as the 12 principles of Green 
Chemistry.
1
  
Twelve principles have been established to characterize green chemistry:
2
  
1. Prevent waste. 
It is better to prevent waste than to treat or clean up waste after it is formed 
2. Design safer chemicals and products. 
Synthetic methods should be designed to maximize the incorporation of all 
materials used in the process into the final product. 
3. Design less hazardous chemical synthesis. 
Wherever practicable, synthetic methodologies should be designed to use and 
generate substances that possess little or no toxicity to human health and the 
environment. 
 4.   Design safer chemicals and products 
Chemical products should be designed to preserve efficacy of function while    
reducing toxicity. 
5. Auxiliary Substances.   
Auxiliary substances (e.g. solvent, separation agents, etc.) should be made 
unnecessary wherever possible and, harmless when used. 
 6.    Energy Efficiency. 
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Energy requirements should be recognized for their environmental and economic 
impacts and should be minimized. Synthetic methods should be conducted at 
ambient temperature and pressure. 
 
7.   Use renewable feedstock. 
A raw material or feedstock should be renewable rather than depleting wherever 
technically and economically praticable. 
 8.   Avoid chemical derivatives. 
       Unnecessary derivatisation (blocking group, protection/deprotection, temporary                         
modification of physical/chemical processes) should be avoided whenever 
possible. 
 9.   Use catalysts, not stoichiometric reagents. 
Catalytic reagents (as selective as possible) are superior to stoichiometric  
reagents. 
 10. Design chemicals and products to degrade after use 
Chemical products should be designed so that at the end of their function they do 
not persist in the environment but break down into innocuous degradation 
products. 
11. Analyze in real time to prevent pollution. 
Analytical methodologies need to be further developed to allow for real-time in-
process monitoring and control prior to the formation of hazardous substances. 
 12.  Minimize the potential for accidents. 
Substances and the form of a substance used in a chemical process should be 
chosen so as to minimize the potential for chemical accidents, including releases, 
explosions, and fires. 
  
All the 12 principles of green chemistry underline the importance of the choice of the 
reagents and the reaction conditions to reduce the formation of environmentally unfriendly 
by-products and wastes. The chemical industry uses a huge amount of solvents, which are 
generally Volatile Organic Compounds (VOCs). For example, it is forbidden to use in 
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industry solvents like benzene which is extremely carcinogenic. Alternative solvents that are 
less toxic to the environment and to health address the principles 1, 3, 5 and 6.   
 It has long been known that organic solvents are related to a series of health and 
environmental problems.  Benzene, chloroform and carbon tetrachloride were removed from 
general use due to their carcinogenic and toxicity effects. Chlorofluorocarbons (CFCs) were 
banned because of their ozone-depleting effects and Volatile Organic Compounds (VOCs) 
contributed to the production of photochemical smog. In order to reduce or eliminate the 
usage of these solvents, the term ‘alternative reaction media’, frequently described as ‘green’ 
solvents have been introduced.
3
 Water, ionic liquids, and carbon dioxide are classified as 
potential green solvents.
4
 Ionic liquids are called ‘green’ because they have negligible vapour 
pressure, thus ionic liquids do not contribute to air pollution, and carbon dioxide is non-toxic. 
Among all the potential ‘green’ solvents, ionic liquids seem to be the most practical for both 
organic and inorganic synthesis because: 
1. Super critical carbon dioxide is a poor solvent for most substances.5 
2. Water is reactive and also a poor solvent for many organic compounds.  
3. Ionic liquids can be considered as ‘designer solvents’, a feature where more than a 
million combinations of anions and cations is possible and the physical and 
chemical properties of the ILs such as melting points, viscosities and miscibilities 
can all be adjusted simply by changing the nature of the ions.  
1.2 Ionic Liquids 
Ionic liquids are generally defined as salts that melt at or below 100 C to afford liquids that 
are composed solely of cations and anions.
6
 The earliest discovery of ionic liquids can be 
dated to 1912 when some ‘red oil’ was observed in a Friedel-Crafts reaction. The “red oil” 
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was a cation and a tetrachloroaluminate anion formed in the reaction between benzene and 
chloromethane using an AlCl3 Lewis acid catalyst to form toluene.
7
 The first generation of 
ionic liquids that contained chloroaluminate ions were hygroscopic and air sensitive.  In 
1992, a second generation of ionic liquids was initiated when water-stable anions were 
discovered by Wikes and Zaworotko.
8
 Since then, research into ionic liquids has been 
explored tremendously as shown in Figure 1.4. Task-Specific Ionic Liquids (TSILs) was a 
concept introduced by Davis Jr (2004) to describe ILs which were designed with functional 
groups to promote specific properties or reactivities.
9
  
 
 
Figure 1.1: Number of publications on Ionic Liquids from 2000 to 2011. The figure was 
prepared by using a SciFinder Explore Literature search on 27
th
 April 2012. 
The search was done by using the ‘ionic liquids’ phrase in the research topic, 
publication year, document type (journal, review and patent) and language 
(English).  
Ionic liquids are generally salts which have large and asymmetric ions. The common 
cations and anions are shown in Figure 1.2 and 1.3. These factors tend to reduce lattice 
energy and electrostatic interactions between the two ions, and hence reduce the melting 
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point.
10
 This relationship is defined by Eq. 1 which indicates that melting points are related to 
lattice energy; where E is the lattice energy, k is the Madelung constant, Q1 and Q2 the 
charges on the ions and d is the interionic distance/separation. In addition, by being large and 
unsymmetrical, the ions tend to inhibit packing effectively resulting in bigger d values and 
lower melting points.
9
 
      
d
QQ
kE 21                  Eq. 1                                
The key property of ionic liquids is the possibility to tune their physical and chemical 
properties by varying the combination of the cations and anions. This is an important feature 
for using them for specific applications and allows their description as ‘designer solvent’. 
Figure 1.2 and 1.3 show some common cations and anions in ionic liquids.
11
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Figure 1.2:     Commonly used cations in ionic liquids. 
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Figure 1.3:       Commonly used anions in ionic liquids. 
 
Figure 1.4:  The application of ionic liquids with time.
12
  
 
Some simple physical properties of the ionic liquids that make them interesting as potential 
solvents are that they are good solvents for a wide range of both inorganic and organic 
materials, and unusual combinations of reagents can be brought into the same phase. They are 
often composed of poorly coordinating ions, immiscible with a number of organic solvents 
and provide a polar alternative for two-phase systems. The hydrophobicity of ionic liquids 
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allows them to be used as immiscible polar phases with water, and as ionic liquids are 
nonvolatile, they may be used in high-vacuum systems and thus eliminate many problems of 
contamination.
13
 The useful properties of ionic liquids have prompted them to be explored 
extensively in various fields such as biocatalysis,
14
 catalysis,
15
 electrochemistry,
16
 and 
synthesis chemistry.
17
 Figure 1.4 illustrates the increasing application of ionic liquids with 
time.  
 From a chemical industry point of view, in 2002, BASF introduced an industrial 
process using an ionic liquid which is the BASIL (Biphasic Acid Scavenging utilising Ionic 
Liquids) process for the production of alkoxyphenylphosphine as shown in Scheme 1.1.
18
 In 
this process 1-methylimidazole is used as a precursor and the resulting 1-methylimidazolium 
chloride, an ionic liquid, separates out from the reaction mixture and 1-methylimidazole is 
recovered by base decomposition of the ionic liquid. The space-time yield and yield for this 
process are 690,000 kg m
-3
 h
-1
 and 98%, respectively. Other than that, BASF demonstrated 
that hydrogen chloride dissolved in ionic liquids [Scheme 1.3] can replace phosgene as 
shown in Scheme 1.2.
19
 The generation of a second organic phase is due to the solubility of 
the butanediol into ionic liquids and also contains the pure product 1,4-dichlorobutane. The 
organic phase is separated off after the reaction is complete whereas water is distilled off 
from the ionic liquid. The ionic liquid is used for another reaction without any purification. 
The advantages of using ionic liquids in this process are:                                                                                          
1. The usage of harmful chlorinating agents such as COCl2,
 
PCl3 and PCl5 can be 
avoided. 
2. The high yield achieved in terms of conversion and selectivity.   
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Scheme 1.1: The Biphasic Acid Scavenging utilising Ionic Liquids (BASIL) process.  
 
COCl2
Cl
Cl
HO
OH
 
Scheme 1.2: The reaction between butan-1,4-diol with phosgene produces 1,4-
dichlorobutane.   
 
 
Scheme 1.3: “Nucleophilic HCl” reactions carried out by dissolving HCl in an ionic liquid, 
[HC1im]Cl and pure product which is 1,4-dichlorobutane (98% selectivity).  
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The hydrosilylation reaction of the C=C bond with Si-H functionalised 
polydimethylsiloxanes can be represented as in Scheme 1.4. The reaction is widely applied in 
industrial synthesis for the production of organosilicon compounds on a technical scale.
20
 
Degussa have used an ionic liquid, [C1C1C1im][MeSO4] as a medium to dissolve the catalyst 
(ionic) and no significant leaking of catalyst into the non-polar phase occurs, leaving the 
desired product in the non-polar phase [Figure 1.5]. The reaction offers great advantage from 
an ecological and economic point of view by recovery and reuse of the expensive catalyst.  
H
Si
O
Si
O
Si
H
n
Si
O
Si
O
Si
n
R
RR
catalyst
 
Scheme 1.4: The hydrosilylation of polymethylsiloxane. 
 
catalyst (ionic) isdissolved in theionicliquid, fromwhich there
isnosignificant leaching, but inwhich theproduct isinsoluble
(see Fig. 27). Their aim was the synthesis of polyethersilox-
anes, an important class of surface active compoundswhich
find use in a broad range of industrial applications. The
experimental procedureisrather simple, and can bedescribed
asaone-pot biphasic synthesis (Fig. 27).101,102
Silane-functionalised polydimethylsiloxanes with different
chain lengths and functionality patterns, and polyethers and
ethers with different ethylene and propylene oxide content,
werestudied:101,103
ThecatalystsusedwereH2[PtCl6] (ionic) and [(m-Cl)2{PtCl-
(cyclohexene)}2] (molecular), and theionicliquidsstudiedwere
1-butyl-4-methylpyridinium tetrafluoroborate, 1-butyl-3-
methylpyridinium chloride, 1,2,3-trimethylimidazolium
methylsulfate, and TEGO1 IL K5MS (see Fig. 28).
Hydrosilylation reactions in the presence of ionic liquids
based on 1,3-dialkylimidazolium cations did not give the
desired polyethersiloxanes, as the 2-H position of the cation
was too reactive.
Factors affecting the reaction included the influenceof the
hydrophilicity/hydrophobicity of the substrates and corre-
spondingproductson thecatalytic performanceof thevarious
catalyst/ionic liquid solution combinations and, even more
importantly, on theseparation behaviour of theionic liquid at
theend of thereaction. A clean separation of theionic liquid
from the products is essential for the partitioning of the
catalyst between the two phases. Naturally, without a clean
separation and amuch better solubility of thecatalyst in the
ionic liquid phase than in the product phase, a complete
retention of the catalyst in the ionic liquid and the desired
recov ry of thecatalyst cannot beachi ved. Thereaction was
found to givehigh conversions (. 99%) in short timeperiods,
under most conditions. Theprincipal conclusion was that the
nature of the catalyst was the key variable. When the
molecular catalyst, [(m-Cl)2{PtCl(cyclohexene)} 2], wasused, it
leached from theionic liquid, and this leaching increased with
increasing concentration of catalyst. However, using an ionic
catalyst, H2[PtCl6], the leaching was below detectable levels
(, 1ppm), and independent of catalyst concentration. It isnow
generally accepted that ionic catalysts in ionic liquids are
anchored even more strongly than catalysts chemically
attached to oxideor polymer surfaces.101,103
The hydrophobicity of the organosilicon products
increases with increasing chain length and decreasing
silane-functionalisation of the polydimethylsiloxane. The
polyethers are more hydrophobic, the higher the content of
propyleneoxide. Theionic liquid phaseseparatesmoreeasily
Table6 Dimerisation of 2-methylbut-2-ene in a laboratory batch
experiment
Operating conditions Homogenous BEiphasic
Catalyst NiII + AlX32xEtx Ni
II + [C4mim]
[Al2Cl72xEtx]
Catalyst consumption (ppm/feed)
Ni 62 20
Al 2000 1000
Reaction time/h 8 2
Conversion/wt% 17 81
Dimer selectivity/wt% . 85 . 90
Fig. 27 Schematic for thehydrosilylation process (yellow = alkene; blue= silane; green = product; black = catalyst dissolved in ionic liquid
phase).102
Fig. 28 Ionic liquids used as paint additives for the Pliolite1
range.102
This journal isß TheRoyal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 123–150 | 139
D
o
w
n
lo
a
d
ed
 b
y
 I
m
p
er
ia
l 
C
o
ll
eg
e 
L
o
n
d
o
n
 L
ib
ra
ry
 o
n
 1
4
 N
o
v
em
b
e
r 
2
0
1
1
P
u
b
li
sh
ed
 o
n
 3
0
 N
o
v
em
b
er
 2
0
0
7
 o
n
 h
tt
p
:/
/p
u
b
s.
rs
c.
o
rg
 |
 d
o
i:
1
0
.1
0
3
9
/B
0
0
6
6
7
7
J
View Online
 
Figure 1.5: Schematic illustration of the hydrosilylation process (yellow = alkene; blue = 
silane; green product; black = catalyst dissolved in ionic liquid phase).
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The Central Glass Co., Ltd., Japan has developed and commercialized a carbon coupling 
reaction [Scheme 1.5] where a tetraalkylphosphonium ionic liquid was used instead of 
organic solvents which resulted in higher yields (~90%).
11
 Hexane is used to separate the 
product and the catalyst-containing ionic liquid.   
 
Br
F3C CF3
+
OH
F3C CF3
OH
Pd(OAc)2, PPh3
     CuI, NEt3
P
C4H9
C4H9
C4H9 (CH2)2C8H17
OTf
80 oC
 
Scheme 1.5:  Carbon coupling reaction using ionic liquids as a solvent commercialized by 
Central Glass. 
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1.3 Siloxanes 
Siloxanes are species which contain silicon, carbon, hydrogen and oxygen and are based 
upon a repeating silicon-oxygen backbone unit, with a range of possible organic groups as 
substituents. Table 1.1 shows linear and cyclic examples of siloxanes. Siloxanes find 
widespread use in a variety of applications
21
 including antifoams, lubricants, hydraulic fluids, 
and detergents, yet their potential as solvents has remained largely unexplored. 
Two unusual structural features of disiloxanes are the short Si-O bond length and the 
large oxygen bond angle, which have been explained by the concept of (p-d)π back 
bonding.
22
 Silicon with its unoccupied 3d orbitals functions as acceptor in the donor-acceptor 
(p-d)π bond. According to this concept, the partial π bond in addition to the σ bond shorten 
the Si-O distance, and partial delocalization of the oxygen lone pairs allows an increase of the 
Si-O-Si bond angle.
22
 However, these features can also be rationalised as due to the donation 
of one of the lone pairs on the oxygen atom into silicon orbitals to change the effective 
hybridization at oxygen from sp
3
 towards sp as shown in Figure 1.6.
23
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H3Si O SiH3
 
d orbital picture 
or 
H2Si O Si
H2
H3C
CH3
 
σ* orbital picture 
Figure 1.6:  Orbital overlap in Si-O-Si linkages.
23
 
 
The unique properties of silicones are due to the properties of the siloxane bond.
24
 
The freedom of rotation of the silicon-oxygen linkage allows linear molecules to assume a 
helical form; the gradual opening of this helix with increasing temperatures is responsible for 
the good temperature-viscosity slopes for the liquids. The rate of gas up take for Volatile 
Methyl Siloxanes (VMSs) are greater in comparison to organic solvents, and the siloxane 
structure is stable to oxidation.
25
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The basic structure of silicones is responsible for properties that can be stated in a 
negative fashion. The usefulness of silicones is often not due to what they do, but to what 
they do not do. They do not oxidize readily; they do not hydrolyze readily; they do not show 
the conventional behaviour to temperature changes; they are not good adhesives.
24
  
Table 1.1  Structures of siloxanes 
 
Siloxane Structure 
 
Hexamethyldisiloxane (L2) 
 
 
Octamethyltrisiloxane (L3) 
 
 
Decamethyltetrasiloxane (L4) 
 
 
Poly(dimethylsiloxane) (PDMS) 
 
 
 
 
Octamethylcyclotetrasiloxane (D4) 
 
 
 
 
 
Decamethylcyclopentasiloxane (D5) 
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Table 1.2 shows a comparison of the bond angle and the length in 
polydimethylsiloxanes compared with ether and carbon functions. The length and the angle 
between the silicon and the oxygen present a wider range of values, which gives significant 
flexibility to the backbone.
23, 26
 
 
Table 1.2  Values of angles, lengths and bond energies for silicon-oxygen, carbon-carbon 
and carbon-oxygen.
26
 
 
polydimethylsiloxanes:  
 Si-O  1.63-1.66 Å 
Si-O-Si 130-150° 
ESiO   451.8 kJ.mol
-1
  
CH3OCH3    
C-O  1.43 Å 
C-O-C  110° 
ECO   357.7 kJ.mol
-1
  
 
 CH2CH2CH2 
C-C  1.54 Å 
C-C-C  109.5° 
ECC  345.5 kJ.mol
-1
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Thus, the Si-O bonds are longer and Si-O-Si bonds are more flexible (wide range of 
bond angles) than those in carbon compounds; this allows free flexible rotation along the 
backbone. Moreover, polymethylsiloxanes have low intermolecular forces between methyl 
groups and a large free volume. 
Table 1.3  Solubilities of H2 in octamethylcyclotetrasiloxane, D4 at 30
o
C.
25
 
Gas Pressure (atm)    Solubility (g.gas/g.D4 x 10
4
) 
7.6 4.2 
15.3 8.8 
21.1       13.0 
 
Table 1.4  Solubilities of O2 in 26,000-centistoke dimethylsilicone oil  at 30
o
C.
25
 
  Gas Pressure (atm)    Solubility (g.gas/g. oil x 10
4
) 
4.40       7.7 
7.8       12.8 
12.02       20.5 
16.31       27.7 
21.41       38.5 
 
From an environmental point of view, Volatile Methyl Siloxane (VMS) fluids degrade 
quickly via ongoing natural photo-oxidation and have an atmospheric half-life of just 4–9 
days.
27
 Figure 1.4 shows a proposed degradation mechanism and the important conclusion is 
that cleavage of the silicon-carbon bond by hydroxy radicals readily occurs in the upper 
atmosphere to yield silica, water and CO2.
28
  VMSs are believed to have little impact on the 
36 
 
earth’s protective ozone layer and negligible contribution to global warming because they are 
rapidly and effectively oxidized before reaching the stratosphere.
27
  
 
Figure 1.7: Proposed atmospheric oxidation mechanism of Si-CH3 functional groups.
28
 
37 
 
1.4 Siloxane Ionic Liquids 
The first room temperature ionic liquid (IL) containing a siloxane chain was reported by 
Shirota et al.
29
 In that work 1-methyl-3-trimethylsilylmethylimidazolium [(Si)C1C1im]
+
, 1-
dimethylphenylsilylmethyl-3-methylimidazolium [(PhSi)C1C1im]
+
 and 1-methyl-3-
pentamethyldisiloxymethylimidazolium [(SiOSi)C1C1im]
+
 cations paired with the 
bis(trifluoromethylsulfonyl)imide [NTf2]
-
 anion were synthesized. Surprisingly, this study 
showed that the ionic liquids’ viscosities were lower than expected for such a bulky 
substituted cation [Table 1.5]. From this study they proposed this phenomenon may be 
dominated by the flexible properties of the siloxy side group.
29
 
 
Table 1.5: The viscosities of ionic liquids carried out by Shirota et al. (2007). 
Ionic Liquids Viscosities, η (cP) 
[(Si)C1C1im][NTf2] 97.6 
[(PhSi)C1C1im][NTf2] 312.2 
[(SiOSi)C1C1im][NTf2] 89.0 
 
As viscosity is one of the key limitations in the use of ionic liquids, the results 
reported by Shirota et al. became the starting point of this research. We are interested to 
expand our knowledge of the siloxane-containing ionic liquids and study the physical-
chemical properties of them. Firstly, the hydrophobicity of siloxanes is expected to be 
modified in ionic liquid derivatives and they possibly can be used as a solvent for reactions. 
Secondly, attaching a siloxane group to the side chain should retain the key properties of 
ionic liquids; non-volatility, high stability and low melting point. This is a new field in ionic 
liquids and we are thus motivated to begin this exploration of novel siloxane-based ionic 
liquids. Therefore the objectives of this project are: 
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1. To synthesize a series of related ionic liquids which have alkane, ether and siloxane 
side chains. 
- One of the objectives of this research is to provide a reliable and rigorous 
method for the synthesis of ionic liquids and their precursors. Ionic liquids 
with alkane, ether, disiloxy and trisiloxy side chains will be synthesized. 
The ether and alkane side chains chosen will, as far as possible be 
analogues, (C5) with the disiloxane substituent for a “fair” comparison. As 
[C4C1im][NTf2] and [C4C1pyrr][NTf2] are well known ionic liquids, these 
ionic liquids will also be synthesized and used as a reference.  
 
2.   To study the physical-chemical properties of the ionic liquids synthesized. 
- Ionic liquids have been widely used in many areas as alternative solvents. 
The physical-chemical properties of the ionic liquids change on varying 
the nature of the cations and anions. Knowledge of the physical properties 
is important for a better understanding of the nature of ionic liquids before 
any applications can be selected. Therefore, physical-chemical properties 
such as solvent-solute interaction, density, thermal stability, viscosity and 
diffusion of the ILs synthesized will be measured and discussed.  
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CHAPTER II 
SYNTHESIS, CHARACTERIZATION, PURIFICATION AND CRYSTAL 
STRUCTURES OF IONIC LIQUID PRECURSORS 
2.1 Abstract 
This chapter concerns the synthesis of various ionic liquid precursors; 1-butyl-3-
methylimidazolium chloride [C4C1im]Cl,  1-pentyl-3-methylimidazolium chloride 
[C5C1im]Cl, 1-(2-ethoxy-ethyl)-1-methylimidazolium chloride [C2OC2C1im]Cl, 1-methyl-3-
pentamethyldisiloxymethylimidazolium chloride [(SiOSi)C1C1im]Cl, 1-methyl-3-
heptamethyltrisiloxymethylimidazolium chloride [(SiO)2SiC1C1im]Cl, bis(pentamethyl 
disiloxymethyl)imidazolium chloride [(SiOSiC1)2im]Cl, 1-butyl-1-methylpyrrolidinium 
chloride [C4C1pyrr]Cl, 1-pentyl-1-methylpyrrolidinium chloride [C5C1pyrr]Cl, 1-(2-ethoxy-
ethyl)-1-methylpyrrolidinium [C2OC2C1pyrr]Cl, 1-methyl-1-pentamethyldisiloxymethyl 
pyrrolidinium chloride [(SiOSi)C1C1pyrr]Cl and 1-methyl-1-heptamethyltrisiloxymethyl 
pyrrolidinium chloride [(SiO)2SiC1C1pyrr]Cl. The precursors have been successfully 
characterized with 
1
H-NMR, 
29
Si-NMR and 
13
C-NMR spectroscopy, mass spectrometry and 
FT-IR spectroscopy. An appropriate crystal from all the siloxane-based chloride salts has 
been isolated for X-ray crystallographic analysis. Bond lengths, angles, ion packing and 
cation anion hydrogen bond distances have been determined for these novel compounds and 
compared with known ionic liquid precursors.  
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2.2 Introduction 
Ionic liquids are widely used in chemical reactions,
30,31
 electrochemical processes,
32,33
 
catalysis,
15
 synthesis,
34,35
 and liquid-liquid separations
36
 due to their unique solvent 
properties. These desirable properties include low-volatility, low-flammability and a wide 
range of solvating powers that can be achieved through careful combination of different ions. 
The purity of ionic liquids may affect their performance in a given process and has been 
shown to affect physical properties such as density and viscosity.
37
 Therefore, it is important 
to ensure that high purity is maintained from the beginning of the process, the synthesis of the 
starting materials. In this work, the halide salt starting materials have been prepared by 
traditional synthetic methods. Even though these methods are conventional and 
straightforward, they were sometimes more difficult to carry out than reported by other 
workers. In addition, a common problem is that yields of the ionic liquid precursors may be 
very different from those reported in the literature. Therefore, this chapter will 
comprehensively discuss techniques for the synthesis of ionic liquids precursors in good yield 
and high purity. It is worth noting that this is the first study of such syntheses that has been 
reported that explains the important of checking or monitoring the reactions’ progress. We 
can thus address the important question of when should we stop a reaction?  
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2.3 Experimental 
In this project, the precursors of the ionic liquids were synthesized by an alkylation reaction 
of 1-methylimidazole or 1-methylpyrrolidine with alkyl halides (see Scheme 1 and Scheme 
2).
38,38a
  
 
Scheme 2.1: The alkylation reaction in the preparation of imidazolium cations.  
 
 
Scheme 2.2: The alkylation reaction in the preparation of pyrrolidinium cations. 
These reactions can be carried out in various solvents. The ‘ideal’ solvent for a 
chemical reaction is a solvent that can dissolve the starting materials and impurities but does 
not dissolve the desired product. Toluene and ethyl acetate are commonly used in the 
synthesis of ionic liquid precursors. Scurto and Schleicher (2009) illustrated the kinetics and 
effect of solvents in synthesizing 1-hexyl-3-methylimidazolium bromide [C6C1im]Br.
39
 From 
the study, they concluded that reaction rates for imidazolium based ionic liquids increase with 
solvents with low acidity and high basicity and dipolarity/polarizability. 
In the first stage of synthesizing ionic liquids, the alkylation reaction, the reaction was 
monitored using 
1
H NMR spectroscopy to follow the conversion of starting materials to 
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products. In these syntheses, 1-methylimidazole and 1-methylpyrrolidine were used as 
limiting reagents whereas chloro alkanes were used as an excess starting materials. The 
reactions were stopped after conversion of the limiting reagents reached or exceeded 96%. 
This is very important in order to ensure a good yield for the alkylation reaction. Figure 2.1 
shows the conversion for a reaction between 1-methylimidazole and 1-chloropentane. As can 
be seen in Figure 2.1, three protons which belong to 1-methylimidazole (reactant) are shifted 
downfield once the product is formed. The shifting of the peaks is related to the electron 
density and the protons are more deshielded in the product.  
Conversion after 3 days = 74%
Conversion after 5 days = 87%
Conversion after 7 days = 96%
 
Figure 2.1:  Conversion for a reaction between 1-methylimidazole and 1-chloropentane                     
monitoring by 
1
H NMR spectroscopy at 75 C. 
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For the reaction which used 1-methylpyrrolidine as a starting material, the conversion 
was monitored by the shift of H atoms belonging to the methyl group (N-CH3) as shown in 
Figure 2.2. In the product, the protons belonging to the N-CH3 are shifted from 2.2 ppm to 
3.0 ppm. 
Before reaction
A few hours after reaction = 2%
Conversion after 5 days = 97%
 
Figure 2.2:  Conversion for the reaction between 1-methylpyrrolidine and 1-chloropentane    
monitoring by 
1
H NMR at 75 C. 
 
After the alkylation reaction, recrystallization is necessary to produce a high quality 
ionic liquid precursor. Recrystallization and purification of the ionic liquid precursors not 
only removes unreacted starting materials but helps to remove coloured impurities, producing 
optically pure ionic liquid samples after metathesis. Experience showed that solvent choice 
affected the appearance of the chloride salt or product. For example, ethyl acetate gave a 
‘powdery’ solid, whereas acetonitrile resulted in ‘pellet’ solids. Residual solvents and volatile 
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reactants were removed under vacuum at 45 – 50 C for overnight. Purification is more 
difficult if the chloride salt is in a liquid form. In order to ensure that a pure product is 
obtained, a large excess of chloroalkane to imidazole is recommended (2:1).  
The precursor salts of the ionic liquids are extremely hygroscopic. They can turn from 
solid to liquid in seconds when exposed to the air. Therefore all the syntheses were carried 
out under inert gas and at no point were the reactions exposed to the atmosphere. All the 
starting materials (except for chloro-siloxanes) were dried over a suitable drying agent 
overnight and freshly distilled before the reaction. There are three main reasons to keep the 
reaction free from moisture.  
1. An additional nucleophile (H2O) may slow the alkylation reaction rate.  
2. If the precursor is ‘wet’, the amount of precursor cannot be weighed accurately for 
the metathesis reaction. 
3. In the metathesis reaction, the existence of H2O will possibly reduce the lattice 
energy of LiCl and hence reduce the yield of the ionic liquids.  
 
 
 
 
 
 
 
 
45 
 
2.3.1 Chemicals for Synthesis 
Chemicals were purchased from Fluorochem Ltd, Sigma-Aldrich, Fluka and Apollo 
Scientific. 1-methylimidazole and 1-methylpyrrolidine were distilled over potassium 
hydroxide pellets, whereas 1-chlorobutane, 1-chloropentane and 2-chloroethyl ethyl ether 
were distilled over phosphorus pentoxide, P2O5.  1-(Chloromethyl)pentamethyl disiloxane 
and 3-(chloromethyl)heptamethyl trisiloxane were used as received. All solvents for synthesis 
and purification were distilled over standard drying agents before use.  
2.3.2 Spectroscopic Methods 
 
1
H-NMR, 
29
Si-NMR and 
13
C-NMR spectra were recorded on a Bruker Avance 400 MHz 
spectrometer.  Chemical shifts are reported in ppm and coupling constants are in Hz. The 
NMR chemical shifts are referenced to residual protons in DMSO-d
6
 or CDCl3. 
Mass spectrometric analyses were recorded under ESI or FAB conditions by Mr. J. Barton on 
a VG Autospec-Q Mass Spectrometer in the Department of Chemistry, Imperial College 
London. 
Infra Red spectra were measured on a Perkin Elmer Spectrum 100 FT-IR spectrometer.   
2.3.3 Analytical Methods 
 
Elemental analyses were conducted by Mr. S. Boyer of the London Metropolitan University 
using a Carlo Erba CE Elemental Analyser. 
Melting points were measured with a Sanjo Gallencamp apparatus. 
 
2.3.4 X-ray Crystallography 
Diffraction data were collected on an Oxford Diffraction Xcalibur 3 diffractometer with Mo-
Kα radiation by Dr Andrew J. P. White at the Department of Chemistry, Imperial College 
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London. The crystal was coated with Paratone-N cryo-oil (Hampton Research, CA, USA) 
immediately after isolation and cooled in a stream of nitrogen vapour on the diffractometer. 
The structures were refined based on F
2
 using the SHELXTL and SHELX-97 program 
systems. 
2.4  Synthesis of Ionic Liquid Precursors. 
 As discussed in Section 2.3, the syntheses of the ionic liquid precursors were based on 
an alkylation reaction. Some of the precursors are already known in the literature, however 
modifications have been made from the previous study procedures to ensure a good yield and 
quality of the products obtain.  
2.4.1 Synthesis of 1-butyl-3-methylimidazolium chloride [C4C1im]Cl.
40
 
N N
H3C
Cl
 
1-Chlorobutane (66 ml, 0.63 mol) was added dropwise under N2, to a mixture of 1-
methylimidazole (48 ml, 0.60 mol) in EtOAc (50 ml). The solution was stirred at 45
o
C for 14 
days. The two phase mixture was then cooled at 4°C for 2 days and the EtOAc was carefully 
decanted from the white solid product which was washed with EtOAc (3x 30 ml), then dried 
in vacuo  for 1 hour.  The powdery white crystals were washed again with EtOAc (3 x 30 ml) 
and dried in vacuo for 7 hours, affording [C4C1im]Cl (84.88 g, 81%) as a hygroscopic white 
crystalline solid; m.pt. 70
o
C (from EtOAc). 
H: (400 MHz, DMSO-d
6
) / ppm 9.54 (1H, s, N2CH), 7.89 (1H, s, NCH), 7.81 (1H, s, NCH), 
4.20 (2H, t, 
3
J = 6.0 Hz, NCH2(CH2)2CH3), 3.87  (3H, s, NCH3), 1.75 (2H, m, 
NCH2CH2CH2CH3), 1.23  (2H, m, N(CH2)2CH2CH3), 0.91 (3H, t, 
3
J = 6 Hz, N(CH2)3CH3). 
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C: (100 MHz, DMSO-d
6
) / ppm 136.73 (s, N2CH), 123.55 (s, NCH), 122.26 (s, NCH), 48.35 
(s, NCH2(CH2)2CH3), 35.67 (s, NCH3), 31.37 (s, NCH2CH2CH2CH3), 18.74 (s, 
N(CH2)2CH2CH3)  and 13.27 (s, N(CH2)3CH3). 
m/z (ESI+): 313, [(C4C1im)2Cl]
+
 and 139, [C4C1im]
+
, 100%.  
m/z (FAB-): 209, [(C4C1im)Cl2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 55.23 (55.01), %H = 8.74 (8.66), %N =16.12 (16.04). 
IR: 2965 and 2863 (C-H), 1567 (ring C=C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
48 
 
2.4.2 Synthesis of 1-pentyl-3-methylimidazolium chloride [C5C1im]Cl. 
 
In a 500 ml round bottom flask, 1-methylimidazole (55 ml, 0.7 mol) was added dropwise 
under N2 to a mixture of 1-chloropentane (100 ml, 0.83 mol) and acetonitrile (150 ml). The 
solution was heated at 75 
o
C and stirred for five days. The flask was cooled at room 
temperature and further cooling at -14 °C for three days. Two layers of solution formed and 
the top layer (acetonitrile) was removed by using a canula. The bottom layer (product) was 
washed with ethyl acetate (3 x 50 ml) in order to remove unreacted starting materials. The 
product was dried in vacuo for 24 hours at 45 °C, resulting in [C5C1im]Cl (95.1 g, 72%) as a 
yellowish viscous liquid.  
H: (400 MHz, DMSO-d
6
) / ppm 9.36 (1H, s, N2CH), 7.83 (1H, s, NCH), 7.76 (1H, s, NCH), 
4.17 (2H, t, 
3
J = 8.0 Hz, NCH2(CH2)3CH3), 3.86  (3H, s, NCH3), 1.78 (2H, m, 
NCH2CH2(CH2)2CH3), 1.35-1.15  (4H, m, N(CH2)2CH2CH2CH3), 0.86 (3H, t, 
3
J = 8 Hz, 
N(CH2)4CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 136.64 (s, N2CH), 123.57 (s, NCH), 122.25 (s, NCH), 48.65 
(s, NCH2(CH2)3CH3), 35.69 (s, NCH3), 29.05 (s, NCH2CH2(CH2)2CH3), 27.59 (s, 
N(CH2)2CH2CH2CH3), 21.47 (s, N(CH2)3CH2CH3)  and 13.72 (s, N(CH2)4CH3). 
m/z (ESI+): 341, [(C5C1im)2Cl]
+
 and 153, ([C5C1im]
+
, 100%. 
m/z (FAB-): 223, [(C5C1im)Cl2]
-
 and 35, [Cl]
-
, 30%. 
Elemental Analysis (predicted): %C = 57.27 (57.29), %H = 8.89 (9.08), %N = 14.81 (14.85). 
IR (ATR) υmax/cm
-1
:  2954 and 2860 (C-H), 1567 (ring C=C).  
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2.4.3 Synthesis of 1-(2-ethoxy-ethyl)-1-methylimidazolium chloride [C2OC2C1im]Cl. 
 
2-Chloroethyl ethyl ether (62 ml, 0.58 mol) was added under N2 to a mixture of 1-
methylimidazole (23 ml, 0.3 mol) and acetonitrile (100 ml) in 250 ml flask equipped with a 
condenser. The solution was stirred at 75 
o
C for five days. Then, the flask was cooled at room 
temperature and further cooling at -14 °C for a day. Two layers were formed and the top layer 
(acetonitrile) was removed by using a cannula. The product was washed with EtOAc (3 x 50 
ml) and dried in vacuo for 24 hour at 45 °C, giving [C2OC2C1im]Cl (38.9 g, 68%) as a 
yellowish liquid. 
H: (400 MHz, DMSO-d
6
) / ppm 9.16 (1H, s, N2CH), 7.75 (1H, s, NCH), 7.72 (1H, s, NCH), 
4.35 (2H, t, 
3
J = 8 Hz, NCH2CH2OCH2CH3), 3.87 (3H, s, NCH3), 3.71 (2H, t, 
3
J = 8 Hz, 
NCH2CH2OCH2CH3), 3.45 (2H, q, 
3
J = 8 Hz, N(CH2)2OCH2CH3), 1.08 (3H, t, 
3
J = 8 Hz, 
N(CH2)2OCH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 136.93 (s, N2CH), 123.39 (s, NCH), 122.61 (s, NCH), 67.52 
(s, NCH2CH2OCH2CH3), 65.45 (s, N(CH2)2OCH2CH3), 48.72 (s, NCH2CH2OCH2CH3), 
35.69 (s, NCH3), 14.84 (s, N(CH2)2OCH2CH3). 
m/z (ESI+): 345, [(C2OC2C1im)2Cl]
+
 and 155, [C2OC2C1im]
+
, 100%.  
m/z (FAB-): 225, [(C2OC2C1im)Cl2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 50.48 (50.39), %H = 8.03 (7.93), %N = 14.53 (14.69). 
IR: 2971 and 2864 (C-H), 1567 (ring C=C), 1111 (C-O).  
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2.4.4 Synthesis of 1-methyl-3-pentamethyldisiloxymethylimidazolium chloride, 
[(SiOSi)C1C1im]Cl.
29
 
 
N N
H3C C
Cl
Si
H
H
O Si
CH3
CH3
CH3
CH3
CH3
 
 
Chloromethylpentamethyldisiloxane (20 mL, 0.098 mol) was added dropwise under N2 to 1-
methylimidazole (7.0 mL, 0.09 mol) in acetonitrile (20 mL)  in a flask equipped with a reflux 
condenser and a magnetic stirrer. The solution was heated at 85 
o
C for 3 days by an oil bath 
while stirring. Then, the flask was allowed to cool at room temperature and cooled at 4 °C for 
two days. Acetonitrile was carefully decanted from the white solid product which was 
washed with EtOAc (3 x 20 ml) and dried in vacuo for 24 hours, affording 
[(SiOSi)C1C1im]Cl (21.22 g, 85 %) as a hygroscopic white crystalline solid; mp 140 
o
C (from 
EtOAc). Crystals suitable for X-ray crystallography were obtained by crystallization from a 
cool solution (4 C) of MeCN.  
H: (400 MHz, DMSO-d
6
) / ppm 8.93 (1H, s, N2CH), 7.71 (1H, s, NCH), 7.55 (1H, s, NCH), 
3.86 (2H, s, NCH2Si(CH3)2), 3.85 (3H, s, NCH3), 0.17 (6H, s, NCH2Si(CH3)2OSi(CH3)3) and 
0.04 (9H, s, NCH2Si(CH3)2OSi(CH3)3).  
C: (100 MHz, DMSO-d
6
) / ppm 135.88 (s, N2CH), 123.59 (s, NCH), 123.13 (s, NCH), 41.06 
(s, NCH2Si(CH3)2OSi(CH3)3, 35.68 (s, NCH3), 1.73 (s, NCH2Si(CH3)2OSi(CH3)3) and -0.97 
(s, NCH2Si(CH3)2OSi(CH3)3).  
Si: (79 MHz, DMSO-d
6
) / ppm 10.47 (s, Si(CH3)3) and 2.33 (s, NCH2Si(CH3)2). 
m/z (ESI+): 243, [(SiOSi)C1C1im]
+
, 100%. 
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m/z (FAB-): 313, ([(SiOSiC1C1im)Cl2]
-
, 20%) and 35 (Cl
-
, 90%). 
Elemental Analysis (predicted): %C =  43.13 (43.06 ), %H = 8.25 (8.31), %N = 9.97 (10.04). 
IR (ATR) υmax/cm
-1
: 3362 (H2O), 3053 and 2952 (C-H), 1565 (ring C=C), 1249 (Si-Me), 
1067 (Si-O), 1031 (Si-O).  
Crystal data: C10 H23 Cl N2 O Si2, Mr = 278.93, monoclinic, P21/c, a = 15.1593(3), b = 
8.54934(14), c = 12.6684(3) Å, α = 90o, β = 103o, γ = 90o. V = 1598.93(6) Å3, Z = 4, Dc = 
1.159 g cm
-3
, μ(Mo-Kα) = 0.375 mm-1, T = 173 K, colourless blocks, 0.51 x 0.32 x 0.08 mm3. 
For the full details of the crystal data and structure refinement see Appendix A.  
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2.4.5 Synthesis of 1-methyl-3-heptamethyltrisiloxymethylimidazolium chloride 
[(SiO)2SiC1C1im]Cl. 
 
 
N N
H3C C
Cl
Si
H
H
O Si
CH3
CH3
CH3
O
CH3
Si CH3
CH3
H3C
 
3-(Chloromethyl)heptamethyl trisiloxane (59 ml, 0.2 mol) was added dropwise under N2 to 1-
methylimidazole (13.47 mL, 0.17 mol)  in acetonitrile (50 mL)  in a flask equipped with 
reflux condenser and magnetic stirrer. The solution was heated at 75 
o
C for 10 days by an oil 
bath while stirring. Then, the flask was allowed to cool at room temperature for 2 days. 
Acetonitrile was removed by evaporation affording a yellowish solid. The solid was washed 
with EtOAc (5 x 30 ml) and dried in vacuo for 24 hours, affording [(SiO)2SiC1C1im]Cl as a 
white crystalline solid (40g,  66.8 %); mp 80 
o
C (from EtOAc) Crystals suitable for X-ray 
crystallography were obtained by crystallization from a cool (4 C) solution of EtOAc. 
H: (400 MHz, DMSO-d
6
) / ppm 9.01 (1H, s, N2CH), 7.74 (1H, s, NCH), 7.53 (1H, s, NCH), 
3.87 (3H, s, NCH3), 3.81 (2H, s, NCH2Si), 0.17 (3H, s, NCH2SiCH3) and 0.08 (18H, s, 
Si(CH3)6).  
C: (100 MHz, CDCl3) / ppm 139.21 (s, N2CH), 122.66 (s, NCH), 122.34 (s, NCH), 41.35 (s, 
NCH2Si(CH3)[OSi(CH3)3]2), 36.80 (s, NCH3), 1.94 (s, NCH2Si(CH3)[OSi(CH3)3]2) and -1.16 
(s, NCH2Si(CH3)[OSi(CH3)3]2).  
Si: (79 MHz, DMSO-d
6
) / ppm 10.49 (s, NCH2SiCH3[(OSi(CH3)3]2) and -32.04  (s, 
NCH2SiCH3[(OSi(CH3)3]2). 
m/z (ESI+): 317, [(SiO)2SiC1C1im]
+
, 100%. 
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m/z (FAB-): 387, [((SiO)2SiC1C1im)(Cl)2)]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 40.9 (40.82), %H = 8.36 (8.28), %N = 7.90 (7.93). 
IR (ATR) υmax/cm
-1
:  3383 (H2O), 2957 (C-H), 1567 (ring C-C), 1249 (Si-Me), 1026 (Si-O). 
Crystal Data : C12 H29 Cl N2 O2 Si3, Mr = 353.09, triclinic, P1, a = 8.7566(3), b = 8.7609(3), c 
= 13.6887(4) Å, α = 90.364(3)°, β = 100.101(3)°, γ = 93.269(3)°. V = 1032.04(6) Å3, Z = 2, 
Dc =  1.136 g cm
-3
, μ(Mo Kα) = 0.362 mm-1, T = 173 K, colourless plates, 0.41 x 0.17 x 0.07 
mm
3
. For the full details of the crystal data and structure refinement see Appendix C. 
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2.4.6 Synthesis of bis(pentamethyldisiloxymethyl)imidazolium chloride 
[(SiOSiC1)2im]Cl 
 
N N Si
O
Si
CH3
Si
O
Si
H3C
CH3CH3
CH3 CH3
CH3
CH3
CH3
CH3
Cl
 
For the synthesis of [(SiOSiC1)2im]Cl, the reagents were used without any purification. N-
Trimethylsilylimidazole (7.33 ml, 0.05 mol) was added under N2 to a mixture of  
chloromethylpentamethyldisiloxane (25 ml, 0.12 mol) and acetonitrile (50 ml) in a flask 
equipped with a condenser. The mixture was stirred at 75 °C for three days. The flask was 
cooled at room temperature and further cooled at -24 °C for five days and a white solid was 
formed. The white solid was washed with acetonitrile (2 x 30 ml) and dried in vacuo for 24 
hours, affording [(SiOSiC1)2im]Cl as a white crystalline solid (13.96 g, 65 %); m.pt.114-117 
°C (from acetonitrile). Crystals suitable with for X-ray crystallography were obtained by 
crystallization from a cool solution of acetonitrile.  
H: (400 MHz, DMSO-d
6
) / ppm 8.89 (1H, s, N2CH), 7.58 (2H, s, H
4,5
 (Im)), 3.90 (4H, s, 
NCH2Si(CH3)2), 0.15 (12H, s, NCH2Si(CH3)2OSi(CH3)3), 0.05 (18H, s, 
NCH2Si(CH3)2OSi(CH3)3). 
C: (100 MHz, DMSO-d
6
) / ppm 134.60 (s, N2CH), 123.29 (s, NCH), 41.14 (s, NCH2), 1.76 
(s, NCH2Si(CH3)2Osi(CH3)3) and -1.09 (s, NCH2Si(CH3)2OSi(CH3)3). 
Si: (75 MHz, DMSO-d
6
) / ppm 10.96 (s, (CH3)3SiO) and 2.81 (s, NCH2Si). 
m/z (ESI+): 389, [(SiOSiC1)2im]
+
, 100%. 
m/z (ESI-): 459, [(SiOSiC1)2im(Cl)2]
-
 and 35, [Cl]
-
, 40%.  
Elemental Analysis (predicted): %C = 42.42 (42.36), %H = 8.84 (8.77), %N =  6.45 (6.59). 
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IR: 3065 and 2955 (C-H), 1556 (ring C=C), 1253 (Si-Me), 1040 and 1009 (Si-O). 
Crystal Data: C15 H37 Cl N2 O2 Si4, Mr = 425.28, monoclinic, P2
-1
, a = 23.6696(7), b = 
8.56184(19), c = 12.4697(4) Å, α = 90°, β = 99.971(3)°, γ = 90°. V = 2488.88(12) Å3, Z = 4, 
Dc = 1.136 g cm
-3
, μ(Mo Kα) = 0.356 mm-1, T = 173 K, colourless tablets, 0.38 x 0.19 x 0.08 
mm
3
. For the full details of the crystal data and structure refinement see Appendix E. 
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2.4.7 Synthesis of 1-butyl-1-methylpyrrolidinium chloride [C4C1pyrr]Cl.
40b
 
Cl
N
H3C  
In a flask equipped with a reflux condenser and magnetic stirrer, 1-chlorobutane (77 ml, 0.73 
mol) was added under N2, to a mixture of 1-methylpyrrolidine (72 ml, 0.7 mol) in acetonitrile 
(50 ml). The mixture was heated at 75 
o
C for 36 hours. The solution was cooled at room 
temperature then further cooled at 4°C for 1 day. Acetonitrile was removed  using a cannula 
and a white solid was obtained. The white solid was washed with EtOAc (3 x 50 ml), then 
dried in vacuo for 24 hours,  affording [C4Cpyrr]Cl as a white crystalline solid (95.95 g, 
77.9%); m.pt. 124 
o
C (from EtOAc). 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.38 (6H, m, N(CH2)2 and NCH2(CH2)2CH3), 3.02 
(3H, s, NCH3), 2.05 (4H, s, NCH2(CH2)2), 1.65 (2H, m, J = 6.0 Hz, NCH2CH2CH2CH3), 1.27 
(2H, m, NCH2CH2CH2CH3), 0.89 (3H, t, 
3
J = 8 Hz, NCH2CH2CH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 63.14 (s, N(CH2)2), 62.51 (s, NCH2(CH2)2CH3), 47.25 (s, 
NCH3), 24.95 (s, N(CH2)2(CH2)2), 20.97 (s, NCH2CH2CH2CH3), 19.29 (s, N(CH2)2CH2CH3), 
13.51 (s, N(CH2)3CH3). 
m/z (ESI+): 319, [(C4C1py)2Cl]
+
 and 142, ([C4C1py]
+
, 100% ). 
m/z (FAB-): 212, [(C4C1py)Cl2, 40%]
-
 and 35, [Cl]
-
, 10%).  
Elemental Analysis (predicted): %C = 60.70 (60.83), %H = 11.20 (11.34), %N = 7.94 (7.88). 
IR: 2976 and 2968 (C-H) and 1463 (CH2). 
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2.4.8 Synthesis of 1-pentyl-1-methylpyrrolidinium chloride [C5C1pyrr]Cl. 
 
1-Methylpyrrolidine (80 ml, 0.9 mol) was added under N2 to a mixture of 1-chloropentane 
(120 ml, 1 mol) and acetonitrile (100 ml) in a 250 ml flask equipped with reflux condenser. 
The solution was heated at 75°C for five days by an oil bath while stirring. Then, the flask 
was cooled at room temperature for a day. 100 ml EtOAc was added to the flask and a white 
solid formed. The solvent was removed by using a cannula. The white solid was washed with 
EtOAc (3 x 50 ml) and dried in vacuo for 24 hours at 45°C, affording [C5C1pyrr]Cl (160 g, 
93 %) as a hygroscopic white solid; m.pt. 178-180 °C (from EtOAc). 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.35-3.30 (2H, m, 
NCH2CH2CH2CH2CH3), 2.99 (3H, s, NCH3), 2.07 (4H, s, N(CH2)2(CH2)2), 1.75-1.60 (2H, m, 
NCH2CH2CH2CH2CH3), 1.40-1.15 (4H, m, NCH2CH2CH2CH2CH3 and 
NCH2CH2CH2CH2CH3) and 0.89 (3H, t, 
3
J = 8 Hz, NCH2CH2CH2CH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 63.29 (s, N(CH2)2), 62.90 (s, NCH2(CH2)3CH3), 47.35 (s, 
NCH3), 28.06 (s, N(CH2)2(CH2)2), 22.64 (s, NCH2CH2(CH2)2CH3), 21.68 (s, 
N(CH2)2CH2CH2CH3), 21.04 (s, N(CH2)3CH2CH3) and 13.77 (s, N(CH2)4CH3). 
m/z (ESI+): 347, [(C5C1pyrr)2Cl]
+
 and 156, [C5C1pyrr]
+
, 100% . 
m/z (FAB-): 226, [(C5C1pyrr)(Cl)2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 61.12 (62.64), %H = 11.05 (11.56), %N = 7.34 (7.31). 
IR (ATR) υmax/cm
-1
:  2956 and 2872 (C-H), 1465 (CH2).  
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2.4.9 Synthesis of 1-(2-ethoxy-ethyl)-1-methylpyrrolidinium chloride 
[C2OC2C1pyrr]Cl. 
 
In a 250 ml flask equipped with a reflux condenser 1-methylpyrrolidine (52 ml, 0.5 mol) was 
added under N2 to a mixture of 2-chloroethyl ethyl ether (80 ml, 0.73 mol) and acetonitrile 
(100 ml). The solution was heated at 75 °C for five days while stirring. Then, the flask was 
cooled at room temperature for a day. 100 ml EtOAc was added to the flask and a white solid 
formed. The solvent was removed by using a cannula. The white solid was washed with 
EtOAc (5 x 50 ml) and dried in vacuo for 24 hours at 45°C, affording [C2OC2C1pyrr]Cl as a 
hygroscopic white solid (89.28 g, 92 %); m.pt. 75 °C (from EtOAc).  
H: (400 MHz, DMSO-d
6
) / ppm 3.78 (2H, s, NCH2CH2OCH2CH3), 3.67-3.53 (6H, m, 
NCH2CH2OCH2CH3 and N(CH2)2), 3.45-3.53 (2H, q, 
3
J = 8 Hz, NCH2CH2OCH2CH3), 3.07 
(3H, s, NCH3), 2.06 (4H, s, N(CH2)2(CH2)2), 1.12 (3H, t, 
3
J = 8 Hz, N(CH2)2OCH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 65.55 (s, N(CH2)2OCH2CH3), 63.96 (s, NCH2CH2OCH2CH3 
and N(CH2)2), 61.87 (s, NCH2CH2OCH2CH3), 47.83 (s, NCH3), 20.80 (s, N(CH2)2(CH2)2)), 
14.89 (s, N(CH2)2OCH2CH3). 
m/z (ESI+): 351, [(C2OC2C1pyrr)2Cl]
+
 and 158, [C2OC2C1pyrr]
+
, 100%. 
m/z (FAB-): 228, [(C2OC2C1pyrr)(Cl)2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 54.56 (55.80), %H = 11.33 (10.41), %N = 7.00 (7.32). 
IR (ATR) υmax/cm
-1
: 2973 and 2888 (C-H), 1462 (CH2), 1121 (C-O). 
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2.4.10 Synthesis of 1-methylpentamethyldisiloxy-1-methylpyrrolidinium chloride, 
[(SiOSi)C1C1pyrr]Cl.  
C
Cl
N
H3C Si
H
H
O Si
CH3
CH3
CH3
CH3
CH3
 
Chloromethylpentamethyldisiloxane (56.7 mL, 0.28 mol) was added dropwise under N2 to 1-
methylpyrrolidine (26 mL, 0.25 mol) in acetonitrile (100 mL)  in a flask equipped with a 
reflux condenser and magnetic stirrer. The solution was heated at 85 
o
C for 36 hours by an oil 
bath while stirring. Then, the flask was allowed to cool at room temperature and further 
cooled to -14
o
C for 2 days. Acetonitrile was carefully decanted from the white solid product 
which was washed with EtOAc (3 x 30 ml) and dried in vacuo for 24 hours, affording 
[(SiOSi)C1C1pyrr]Cl as a white crystalline solid (19.36 g, 26%); mp 196
o
C (from EtOAc). 
Crystals suitable for X-ray crystallography were obtained by crystallization from a cool (4 
C) solution of MeCN. 
The experiment was repeated with a lower temperature (75 C) and longer reaction time (3 
days) and the yield obtain was 82 % (61.05 g). 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.11 (2H, s, NCH2Si(CH3)2), 
3.07 (3H, s, NCH3), 2.10 (4H, s, N(CH2)2(CH2)2), 0.28 (6H, s, NCH2Si(CH3)2O(CH3)3) and 
0.12 (9H, s, NCH2Si(CH3)2O(CH3)3). 
C: (100 MHz, DMSO-d
6
) / ppm 66.74 (s, N(CH2)2), 56.25 (s, NCH3), 50.65 (s, 
NCH2Si(CH3)2), 21.16 (s, N(CH2)2(CH2)2), 1.79 (s, Si(CH3)3) and 1.21 (s, NCH2Si(CH3)2). 
Si: (79 MHz, DMSO-d
6
) / ppm 11.04 (s, Si(CH3)3) and 0.99 (s, NCH2Si(CH3)2). 
m/z (ESI+): 246, [SiOSiC1C1pyrr]
+
, 100%. 
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m/z (FAB-): 316, [(SiOSiC1C1pyrr)Cl2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted): %C = 46.9 (46.86), %H = 10.1 (10.01), %N =  4.85 (4.97). 
IR (ATR) υmax/cm
-1
:  3353 (H2O), 2951 (C-H), 1458 (CH2), 1251 (Si-Me), 1034 (Si-O), 829, 
804, 756. 
Crystal Data : C11 H28 Cl N O Si2, Mr = 281.97, orthorhombic, Pbca, a = 14.2584(2), b = 
10.2124(2), c = 22.7114(4) Å, α = β = γ = 90o. V = 3307.06(10) Å3, Z = 8, Dc = 1.133 g cm
-3
, 
μ(Mo Kα) = 0.361 mm-1, T = 173 K, colourless blocks, 0.48 x 0.40 x 0.36 mm
3
. For the full 
details of the crystal data and structure refinement see Appendix B. 
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2.4.11 Synthesis of 1-methyl-1-heptamethyltrisiloxymethylpyrrolidinium chloride 
[(SiO)2SiC1C1pyrr]Cl. 
 
3-(Chloromethyl)heptamethyl trisiloxane (40 ml, 0.15 mol) was added dropwise under N2 to 
1-methylpyrrolidine (10 mL, 0.1 mol)  in acetonitrile (75 mL)  in a flask equipped with a 
reflux condenser and magnetic stirrer. The solution was heated at 75 
o
C for 10 days by an oil 
bath while stirring. Then, the flask was allowed to cool at room temperature for 2 days. 
Acetonitrile was removed by evaporation affording yellowish solid. The solid was washed 
with EtOAc (5x30ml) and dried in vacuo for 24 hours, affording [(SiO)2SiC1C1pyrr]Cl as a 
white crystalline solid (30 g, 85.7 %); m.pt. 178 
o
C (from EtOAc) Crystals suitable for X-ray 
crystallography were obtained by crystallization from a cool (4 C) solution of MeCN. 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.06 (3H, s, NCH3), 3.01 (2H, 
s, NCH2Si), 2.10 (4H, broad s, N(CH2)2(CH2)2), 0.24 (3H, s, NCH2Si(CH3)[OSi(CH3)3]2), 
0.15 (18H, s, NCH2Si(CH3)[OSi(CH3)3]2). 
C: (100 MHz, CDCl3-d
1
) / ppm 67.38 (s, N(CH2)2), 55.54 (s, NCH2Si(CH3)[OSi(CH3)3]2), 
51.92 (s, NCH3), 21.86 (s, N(CH2)2(CH2)2), 2.02 (s, NCH2Si(CH3)[OSi(CH3)3]2) and 1.04 (s, 
NCH2Si(CH3)[OSi(CH3)3]2). 
Si: (79 MHz, DMSO-d
6
) / ppm 10.70 (s, NCH2Si(CH3)[OSi(CH3)3]2), -33.05 (s, 
NCH2Si(CH3)[OSi(CH3)3]2). 
m/z (ESI+): 320, [(SiO)2SiC1C1pyrr]
+
, 100%. 
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m/z (ESI-): 390, [(SiO)2SiC1C1pyrr)(Cl)2]
-
 and 35, [Cl]
-
, 100%. 
Elemental Analysis (predicted) : %C = 43.87 (43.84), %H = 9.59 (9.62), %N =  3.90 (3.93). 
IR: 2956 (C-H), 1462 (CH2), 1258 (Si-Me), 1040 (Si-O), 847, 841. 
Crystal Data: C13 H34 Cl N O2 Si3, Mr = 356.13, monoclinic, P2
-1
, a = 7.76804(19), b = 
36.2938(7), c = 15.1831(4) Å, α = 90°, β = 92.477(3)°, γ = 90°. V = 4276.60(17) Å3, Z = 8, 
Dc = 1.106 g cm
-3
, μ(Mo Kα) = 0.349 mm-1, T = 173 K, colourless tabular needles, 0.46 x 
0.29 x 0.12 mm
3
. For the full details of the crystal data and structure refinement see 
Appendix D. 
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2.5 Crystal Structures  
2.5.1 1-Methyl-3-pentamethyldisiloxymethylimidazolium chloride, [(SiOSi)C1C1im]Cl. 
 
 
Figure 2.3: The molecular structure of 1-methyl-3-pentamethyldisiloxymethyl 
imidazolium chloride [(SiOSi)C1C1im]Cl together with the atom numbering 
scheme. 
 
Figure 2.3 shows the crystal structure of 1-methyl-3-pentamethyldisiloxymethylimidazolium 
chloride [(SiOSi)C1C1im]Cl and Table 2.1 shows selected bond lengths (Å) and angles (°) for 
the compound. For the full details of the crystal data see Appendix A. The imidazolium ring 
is a planar pentagon with the carbon atom of the methyl group attached to N(3) in the plane 
of the imidazolium ring. The C(6) carbon which joins the siloxane chain has little deviation 
from the plane of the imidazolium ring. The siloxane group is considerably out of the plane 
of the ring (see Figure 2.4). The C(4)-C(5) bond length is 1.3494(19) Å and the same as 
expected (1.35 Å).
41
 The bond length for N(1)-C(2) is 1.3348(16) and C(2)-N(3) is 
1.3287(18) Å. These are considerably shorter than pure C-N single bonds (typically 1.47 Å)
41
 
and suggest that π electrons are highly delocalized in the ring, which is in agreement with the 
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literature data for the imidazolium cation.
42
 For the siloxane chain, the angle and bond 
lengths are in the ranges reported for disiloxane and hexamethyldisiloxane.
43
 
Table 2.1:  Selected bond lengths [Å] and angles [°] for 1-methyl-3-pentamethyldisiloxy 
methylimidazolium chloride, [(SiOSi)C1C1im]Cl. 
 
N(1)-C(2)          1.3348(16)                C(4)-C(5)          1.3494(19)                           
N(1)-C(6)          1.4713(16)                C(6)-Si(7)          1.8861(13)             
C(2)-N(3)          1.3287(18)                Si(7)-O(8)          1.6283(10)           
N(3)-C(10)        1.4663(17)                Si(7)-C(11)         1.8468(15)            
 
C(2)-N(1)-C(5)          108.63(11)         O(8)-Si(7)-C(6)           105.95(5)                          
N(3)-C(2)-N(1)          107.94(11)         C(11)-Si(7)-C(6)         109.33(6)                 
C(2)-N(3)-C(4)          109.44(11)         Si(7)-O(8)-Si(9)           145.89(7)                       
C(5)-C(4)-N(3)          106.74(12)         O(8)-Si(9)-C(14)         108.39(8)   
C(4)-C(5)-N(1)          107.24(11)         C(14)-Si(9)-C(15)       110.46(11)       
N(1)-C(6)-Si(7)          110.74(8)           O(8)-Si(9)-C(13)        108.87(8)       
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Table 2.2 shows the closest C–H···Cl separations in [(SiOSi)C1C1im]Cl. Taylor and 
Kennard
44
 have reported a range of 3.34 Å to 3.80 Å for C···Cl
 
as an acceptable hydrogen 
bonding range and Thallapall and Nangia
45
 reported that typical hydrogen-bonded H···Cl
-
 
distance is less than 3.0 Å. Data from Table 2.2 show that [(SiOSi)C1C1im]Cl has five 
hydrogen bond interactions which are C(2)
_
H(2A)···Cl, C(4)
_
H(4A)···Cl, C(5)
_
H(5A)···Cl, 
C(6)
_
H(6B)···Cl and C(10)
_
H(10A)···Cl. This finding is agreement with the case of the 1-
ethyl-3-methylimidazolium salts, [C2C1im]Cl, in which all the three protons of the 
imidazolium ring are hydrogen-bonded to the chloride ion.
42a
 In the case of 1,2-dimethyl-3-
ethylimidazolium cations [C2C1C1im]
+
  the H4 and H5 protons of the imidazolium cation 
engage in hydrogen bonding.
46
 This finding is in contrast to the cases of 1-butyl-3-
methylimidazolium chloride, [C4C1im]Cl where for the imidazolium ring only the C2 proton 
is within the hydrogen bonding distance with the chloride anion.
42b
 There are two other 
hydrogen bonds involving the chloride anion, from two methylene protons of two different 
cations.
42b
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Table 2.2 :  The closest C–H···Cl separations in [(SiOSi)C1C1im]Cl.* 
C···Cl (Å)  H···Cl (Å) C
_
H···Cl (
o
) 
C(2)
_
H(2A)···Cl  3.4309(13)  2.55  152 
C(4)
_
H(4A)···Cl  3.5519(15)  2.66  154 
C(5)
_
H(5A)···Cl  3.6171(14)  2.82  142 
C(6)
_
H(6A)···Cl  3.8499(18)  3.11  135 
C(6)
_
H(6B)···Cl  3.6361(13)  2.75  154 
C(10)
_
H(10A)···Cl  3.7499(18)  2.87  152 
C(10)
_
H(10C)···Cl  3.8066(17)  3.02  140 
C(15)
_
H(15A)···Cl  3.9363(19)  3.02  161 
*For the purposes of the hydrogen bonding analysis all of the C–H distances were normalised 
to 0.96 Å. 
 
Figures 2.4 and 2.5 show the packing of ions in [(SiOSi)C1C1im]Cl  viewed down the  
b, and c axis respectively. As shown in figure 2.4, there is indication of a π-π stacking 
interaction between the imidazolium rings. An electrostatic interaction between the cations 
and anions and a bilayer hydrophobic region between the siloxane chains are observed in the 
lattice (Figure 2.5). 
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Figure 2.4:  Packing of ions in [(SiOSi)C1C1im]Cl, viewed down the b-axis.
†
 
 
 
Figure 2.5:  Packing of ions in [(SiOSi)C1C1im]Cl, viewed down the c-axis.  
 
†
Green denotes the chloride ions, red, purple, orange, dark brown and white denote oxygen, 
nitrogen, silicon, carbon and hydrogen atoms respectively. The same colour coding applies 
for all the packing figures in this chapter.  
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2.5.2 1-Methylpentamethyldisiloxy-1-methylpyrrolidinium chloride, 
[(SiOSi)C1C1pyrr]Cl.  
 
Figure 2.6 shows the crystal structure of 1-methylpentamethyldisiloxy-1-methylpyrrolidinium 
chloride, [(SiOSi)C1C1pyrr]Cl and Table 2.3 shows selected bond lengths (Å) and angles (°) 
for the molecule. For the full details of the crystal data see Appendix B. Bonding distances 
and angles of the pyrrolidinium cation are similar to those known for 1-methyl-1-
propylpyrrolidinium chloride.
47
 For the siloxane chain, the bonds and angles are also in the 
expected ranges.
43
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6:   The molecular structure of 1-methylpentamethyldisiloxy-1-methyl 
pyrrolidinium chloride, [(SiOSi)C1C1pyrr]Cl together with the atom 
numbering scheme. 
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Table 2.3:  Selected bond lengths (Å) and angles (°) for 1-methylpentamethyldisiloxy-1-
methylpyrolidinium chloride, [(SiOSi)C1C1pyrr]Cl.  
 
N(1)-C(10)          1.4894(13)                C(6)-Si(7)          1.8902(10) 
N(1)-C(5)            1.5012(15)                Si(7)-O(8)          1.6325(8) 
N(1)-C(2)            1.5135(13)                Si(7)-C(11)         1.8570(13) 
C(2)-C(3)            1.5160(17)                Si(9)-C(14)         1.8442(14) 
 
C(10)-N(1)-C(5)          112.10(9)          N(1)-C(5)-C(4)             104.38(10) 
C(10)-N(1)-C(2)          109.93(8)          N(1)-C(6)-Si(7)            121.87(7) 
C(5)-N(1)-C(2)            101.77(8)          O(8)-Si(7)-C(6)            109.52(4) 
C(10)-N(1)-C(6)          110.31(8)          C(12)-Si(7)-C(6)          103.99(5) 
N(1)-C(2)-C(3)            104.57(9)          Si(7)-O(8)-Si(9)            142.71(5) 
C(2)-C(3)-C(4)            105.69(10) 
 
Table 2.4 shows the closest C-H···Cl separations in [(SiOSi)C1C1pyrr]Cl. According 
to the guidelines of Taylor & Kennard
44
 and Thallapall & Nanging,
45
 [(SiOSi)C1C1pyrr]Cl 
has seven hydrogen bond interactions which are C(2)-H(2A)···Cl, C(2)-H(2B)···Cl, C(3)–
H(3B)···Cl, C(5)–H(5B)···Cl, C(6)–H(6A)···Cl, C(6)–H(6B)···Cl and C(10)–H(10A)···Cl. 
Hydrogen atoms at C(2), C(3), C(4) and C(5) on the pyrrolidinium rings have H bonding with 
the chloride ions and this finding is in contrast with 1-methyl-propylpyrrolidinium chloride
47
 
where only H atoms positioned at C(2) and C(3) show the interaction. Data from Table 2.4 
indicate that chloride ion is located above the pyrrolidinium ring.   
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Table 2.4: The closest C–H···Cl separations in [(SiOSi)C1C1pyrr]Cl.* 
 
C···Cl (Å)  H···Cl (Å) C–H···Cl (°) 
C(2)–H(2A)···Cl  3.5628(11)  2.74  144 
C(2)–H(2B)···Cl  3.7213(13)  2.91  143 
C(3)–H(3B)···Cl  3.6552(12)  2.86  141 
C(4)–H(4A)···Cl  3.7527(14)  3.03  133 
C(5)–H(5B)···Cl  3.6537(12)  2.86  141 
C(6)–H(6A)···Cl  3.6801(10)  2.75  165 
C(6)–H(6B)···Cl  3.7738(12)  2.91  150 
C(10)–H(10A)···Cl  3.7317(13)  2.89  148 
C(10)–H(10C)···Cl  3.8558(16)  3.01  147 
C(13)–H(13B)···Cl  3.8451(15)  2.97  152 
*For the purposes of the hydrogen bonding analysis all of the C–H distances were normalised 
to 0.96 Å. 
 
Figure 2.7 shows the packing of ions in [(SiOSi)C1C1pyrr]Cl, viewed down the a-axis 
and Figure 2.8 viewed down the b-axis. As shown in Figure 2.7, the ions stack in such a way 
that the pyrrolidinium rings alternate with siloxane chains. This is unlike 1-decyl-1-
methylpyrrolidinium bromide, [C10C1pyrr]Br, and 1-dodecyl-1-methylpyrrolidinium bromide, 
[C12C1pyrr]Br
48
 in which a hydrodrophic region is formed by the side chains.  
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Figure 2.7:  Packing of ions in [(SiOSi)C1C1pyrr]Cl, viewed down the a-axis. 
 
 
 
 
Figure 2.8: Packing of ions in [(SiOSi)C1C1pyrr]Cl, viewed down the b-axis. 
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2.5.3 1-Methyl-3-heptamethyltrisiloxymethylimidazolium chloride 
[(SiO)2SiC1C1im]Cl. 
 
Figure 2.9 shows the crystal structure of 1-methyl-3-heptamethyltrisiloxymethylimidazolium 
chloride [(SiO)2SiC1C1im]Cl and Table 2.5 shows selected bond lengths (Å) and angles (°) 
for the molecule. For the full details of the crystal data see Appendix C. As discussed in 
2.5.1, the imidazolium ring is a planar pentagon with the carbon atom of the methyl attached 
to N(3) in the plane of the imidazolium ring. The siloxane group is considerably out of the 
plane of the ring. The bond length for N(1)-C(2) is 1.3272(16) and C(2)-N(3) is 1.3260(16) 
Å. These lengths are shorter than pure C-N single bonds which are 1.47 Å
41
 and suggest that 
π electrons are highly delocalized in the ring. For the siloxane chains the bonds and angles 
fall in the range expected.
43
 
 
 
 
Figure 2.9: The molecular structure of 1-methyl-3-heptamethyltrisiloxy 
methylimidazolium chloride [(SiO)2SiC1C1im]Cl together with the atom 
numbering scheme. 
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Table 2.5: Selected bond lengths [Å] and angles [°] for 1-methyl-3- heptamethyltrisiloxy 
methylimidazolium chloride [(SiO)2SiC1C1im]Cl. 
N(1)-C(2)            1.3272(16)               C(4)-C(5)         1.3494(18)   
N(1)-C(5)            1.3749(16)              C(6)-Si(7)         1.8802(13) 
N(1)-C(6)            1.4753(15)              Si(7)-O(8)         1.6116(10) 
C(2)-N(3)            1.3260(16)              Si(9)-C(16)       1.8408(16) 
N(3)-C(4)            1.3687(16) 
 
C(2)-N(1)-C(5)        108.50(10)          C(13)-Si(7)-C(6)       111.28(7) 
N(3)-C(2)-N(1)        108.39(11)          Si(7)-O(8)-Si(9)        145.98(7) 
C(2)-N(3)-C(4)        109.11(10)          O(8)-Si(9)-C(16)       109.09(7) 
C(5)-C(4)-N(3)        106.80(11)          C(15)-Si(9)-C(16)     110.21(11) 
C(4)-C(5)-N(1)        107.20(11)          Si(7)-O(10)-Si(11)     148.89(7) 
O(8)-Si(7)-C(13)     108.36(6) 
 
Table 2.6 shows the closest C–H···Cl separations in [(SiO)2SiC1C1im]Cl and as defined by 
Taylor & Kennard
44
 and Thallapall & Nanging
45
 there are six hydrogen bonds, which are 
C(2)–H(2A)···Cl, C(4)–H(4A)···Cl, C(5)–H(5A)···Cl, C(6)–H(6A)···Cl, C(6)–H(6B)···Cl, 
C(12)–H(12C)···Cl. Three protons of the imidazolium ring are hydrogen-bonded to the 
chloride ion, which is agreement with 1-ethyl-3-methylimidazolium salt, [emim]Cl.
42a
 Two 
protons from the methylene group also show hydrogen-bonds to the chloride ion.  
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Table 2.6: The closest C–H···Cl separations in [(SiO)2SiC1C1im]Cl.* 
  
C···Cl (Å)  H···Cl (Å) C–H···Cl   
C(2)–H(2A)···Cl  3.4536(13)  2.73  133 
C(4)–H(4A)···Cl  3.5436(13)  2.64  158 
C(5)–H(5A)···Cl  3.5185(14)  2.91  123 
C(6)–H(6A)···Cl  3.7243(13)  2.88  147 
C(6)–H(6B)···Cl  3.7208(14)  2.87  149 
C(12)–H(12C)···Cl  3.5287(15)  2.63  156 
C(18)–H(18A)···Cl  3.880(2)  3.01  152 
C(19)–H(19A)···Cl  3.8975(18)  3.03  151 
*For the purposes of the hydrogen bonding analysis all of the C–H distances were normalised 
to 0.96 Å. 
 
Figures 2.10 and 2.11 show the packing of ions in [(SiO)2SiC1C1im]Cl viewed down 
the a-axis and the b-axis, respectively. From the figures, there is no indication of any π-π 
stacking interaction of the imidazolium rings, contrary what was found for [(SiOSi)C1C1im] 
as discussed in section 2.5.1 and in [C2C1im][CF3SO3].
49
 The bulk of the siloxane chain is 
probably the reason for the large separation between the imidazolium rings. Figure 2.10 
shows a layer of siloxane chains and imidazolium rings which is caused by hydrophobic and 
hydrophilic interactions of the ions.  
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Figure 2.10: Packing of ions in [(SiO)2SiC1C1im]Cl, viewed down the a-axis. 
 
 
Figure 2.11: Packing of ions in [(SiO)2SiC1C1im]Cl, viewed down the b-axis. 
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2.5.4 1-Methyl-1-heptamethyltrisiloxymethylpyrrolidinium chloride, 
[(SiO)2SiC1C1pyrr]Cl. 
 
After a year of unsuccessful attempts to grow a crystal suitable for X-ray crystallography 
analysis, [(SiO)2SiC1C1pyrr]Cl was finally grown, but the crystal formed was twinned 
[Figure 2.12].  Figure 2.13 and 2.14 show the molecular structure of [(SiO)2SiC1C1pyrr]Cl 
Molecule A and Molecule B, respectively. The disorder was found due to rotation at atom 
Si(3A) and Si(3B). Table 2.7 and 2.8 show selected bond lengths (Å) and angles (°) for the 
molecules. For the full details of the crystal data see Appendix D. As shown in section 2.5.2, 
the bond distances and angles for pyrrolidinium ring for these molecules are in the ranges 
reported in the literature
47
 and in the [(SiOSi)C1C1pyrr]Cl molecule reported in section 2.5.2. 
For the siloxane chain, the bonds and angles are also in the expected range.
43
 
 
Figure 2.12:  The disorder (twin) molecular structure of 1-methyl-1-heptamethyltrisiloxy 
methyl pyrrolidinium chloride, [(SiO)2SiC1C1pyrr]Cl.  
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Figure 2.13:  The molecular structure of 1-methyl-1-heptamethyltrisiloxymethyl 
pyrrolidinium [(SiO)2SiC1C1pyrr] together with atom numbering scheme. 
(Molecule A) 
 
Table 2.7: Selected bond lengths [Å] and angles [°] for 1-methyl-3-heptamethyltrisiloxy 
methylimidazolium chloride [(SiO)2SiC1C1pyrr]Cl (Molecule A). 
N(1A)-C(16A)          1.490(7)                C(6A)-Si(1A)          1.875(3) 
N(1A)-C(5A)            1.520(6)                Si(1A)-O(11A)        1.621(2) 
N(1A)-C(2A)            1.504(6)                Si(1A)-C(15A)        1.842(13) 
C(2A)-C(3A)            1.528(8)                 
 
C(2A)-N(1A)-C(5A)       101.7(4)               N(1A)-C(6A)-Si(1A)          114.7(3)             
N(1A)-C(2A)-C(3A)      105.4(4)                Si(1A)-O(7A)-Si(2A)         158.31(19)                                      
C(2A)-C(3A)-C(4A)       104.9(4)               Si(1A)-O(11A)-Si(3A)       140.58(16)         
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Figure 2.14:  The molecular structure of 1-methyl-1-heptamethyltrisiloxymethyl 
pyrrolidinium [(SiO)2SiC1C1pyrr] together with atom numbering scheme. 
(Molecule B) 
 
Table 2.8: Selected bond lengths [Å] and angles [°] for 1-methyl-3- heptamethyltrisiloxy 
methylimidazolium chloride [(SiO)2SiC1C1pyrr]Cl (Molecule B). 
N(1B)-C(16B)          1.483(6)                C(6B)-Si(1B)          1.883(3) 
N(1B)-C(5B)            1.518(5)                Si(1B)-O(11B)        1.613(2) 
N(1B)-C(2B)            1.511(5)                Si(1B)-C(15B)        1.831(4) 
C(2B)-C(3B)            1.513(7) 
 
C(2B)-N(1B)-C(5B)       101.2(3)               N(1B)-C(6B)-Si(1B)          118.7(2)             
N(1B)-C(2B)-C(3B)      105.5(4)                Si(1B)-O(7B)-Si(2B)         153.09(19)                                      
C(2B)-C(3B)-C(4B)       106.4(4)               Si(1B)-O(11B)-Si(3B)       146.69(17)         
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Table 2.9 shows the closest C-H···Cl separations in [(SiO)2SiC1C1pyrr]Cl (Molecule 
A) and Table 2.10 shows the closest C-H···Cl separations in [(SiO)2SiC1C1pyrr]Cl (Molecule 
B). According to definitions by Taylor & Kennard
44
 and Thallapall & Nanging,
45
 these 
molecules both have eight hydrogen bonds. Data from Table 2.9 and 2.10 suggest that the 
chloride ion is located on the top of the pyrrolidinium ring.   
 Figure 2.15 shows the packing of ions in [(SiO)2SiC1C1pyrr]Cl, viewed down the a-
axis. As shown in Figure 2.15, a hydrophobic bilayer of siloxane side chains is formed in the 
lattice and the same feature is observed in 1-decyl-1-methylpyrrolidinium bromide, 
[C10C1pyrr]Br, and 1-dodecyl-1-methylpyrrolidinium bromide, [C12C1pyrr]Br.
48
 This 
indicates that for pyrrolidinium cations the size of the side chain plays an important role in 
the configuration of such a hydrophobic bilayer as this does not occur for the smaller 
molecule [(SiOSi)C1C1pyrr]Cl where only a monolayer of hydrophobic and hydrophilic 
layers is observed [Figure 2.7].  
 
Table 2.9: The closest C–H···Cl(1) separations in [(SiO)2SiC1C1pyrr]Cl (Molecule A).* 
     C···Cl (Å) H···Cl (Å)  C–H···Cl (°) 
C(5)–H(5AA)···Cl(1)   3.609(6) 2.80  142 
C(6)–H(6AB)···Cl(1)   3.642(3) 2.81  146 
C(8)–H(8AA)···Cl(1)   3.968(6) 3.08  155 
C(16A)–H(16C)···Cl(1)   3.768(7) 2.94  145 
C(2B)–H(2BA)···Cl(1)  3.576(5) 2.71  150 
C(3B)–H(3BB)···Cl(1)  3.735(7) 3.00  135 
C(4B)–H(4BA)···Cl(1)  3.730(5) 2.97  137 
C(5B)–H(5BA)···Cl(1)  3.888(5) 3.14  136 
C(6B)–H(6BB)···Cl(1)  3.615(3) 2.66  172 
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C(15B)–H(15F)···Cl(1)  3.901(4) 3.14  138 
C(16B)–H(16G)···Cl(1)  3.739(6) 2.87  152 
*For the purposes of these calculations, the C–H distances were normalised to 0.96 Å.  
 
Table 2.10: The closest C–H···Cl(2) separations in [(SiO)2SiC1C1pyrr]Cl (Molecule B).* 
 
C···Cl (Å) H···Cl (Å)  C–H···Cl (°) 
 
C(2A)–H(2AB)···Cl(2)  3.780(6) 3.00  139  
C(3A)–H(3AA)···Cl(2)  3.689(8) 2.95  135   
C(4A)–H(4AB)···Cl(2)  3.668(8) 2.90  138    
C(5A)–H(5AB)···Cl(2)  3.671(6) 2.83  147 
C(6A)–H(6AA)···Cl(2)  3.682(3) 2.74  166 
C(16A)–H(16A)···Cl(2)  3.715(6) 2.83  153 
C(4B)–H(4BB)···Cl(2)  3.978(4) 3.08  156 
C(5B)–H(5BB)···Cl(2)  3.606(4) 2.78  145 
C(6B)–H(6BA)···Cl(2)  3.750(3) 2.89  149 
C(9B)–H(9BC)···Cl(2)  4.011(5) 3.08  164 
C(16B)–H(16H)···Cl(2)  3.825(6) 3.00  145 
*For the purposes of these calculations, all of the C–H distances were normalised to 0.96 Å.  
 
 
81 
 
 
Figure 2.15: Packing of ions in [(SiO)2SiC1C1pyrr]Cl, viewed down the a-axis. 
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2.5.5  Bis(pentamethyldisiloxymethyl)imidazolium chloride, [(SiOSiC1)2im]Cl. 
 
 
 
Figure 2.16:  The molecular structure of bis(pentamethyldisiloxymethyl)imidazolium 
chloride, [(SiOSiC1)2im]Cl, together with atom numbering scheme. 
 
Figure 2.16 shows the crystal structure of bis(pentamethyldisiloxymethyl)imidazolium 
chloride, [(SiOSiC1)2im]Cl, and Table 2.11 shows selected bond lengths (Å) and angles (°) 
for the compound. For the full details of the crystal data see Appendix E. As reported for 
previous molecules, [(SiOSi)C1C1im]Cl in Figure 2.4 and [(SiO)2SiC1C1im]Cl in Figure 2.10, 
the imidazolium ring for [(SiOSiC1)2im]Cl is a planar pentagon. The siloxane groups which 
are attached by C(6) and C(15) are out of the plane and from Figure 2.18 shows a 
hydrophobic region formed between the molecules.  
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There are no unusual C-C bond lengths observed in the molecule. The C(4)-C(5) bond 
length is 1.350(3) Å and the same as expected (1.35 Å) in other organic compounds.
41
 The 
bond length for N(1)-C(2) is 1.341(2) and C(2)-N(3) is 1.335(2) Å. These are considerably 
shorter than pure C-N single bonds (typically 1.47 Å)
41
 and suggest that π electrons are 
highly delocalized in the ring, which is in agreement with the literature for the imidazolium 
cation.
42
 Also of note, is that by having identical substituents at N(1) and N(3) positions the 
corresponding angles within the imidazolium ring are same as each other (see Table 2.11). 
This phenomenon was not observed in previously reported imidazolium ring compounds 
which are all unsymmetrically substituted. This finding indicates that by attaching different 
groups to the ring, the geometry the imidazolium ring changes slightly. For the siloxane 
chain, bond lengths, Si-C and Si-O, and the angles are in the ranges as reported for disiloxane 
and hexamethyldisiloxane.
43
 
 
Table 2.11: Selected bond lengths [Å] and angles [°] for 1-methyl-3- heptamethyltrisiloxy 
methylimidazolium chloride, [(SiOSiC1)2im]Cl. 
N(1)-C(2)            1.341(2)               C(4)-C(5)         1.350(3)   
N(1)-C(5)            1.376(2)                   C(6)-Si(7)         1.8841(13) 
N(1)-C(6)            1.471(2)                   Si(7)-O(8)         1.6255(15) 
C(2)-N(3)            1.335(2)               
 
C(2)-N(1)-C(5)        108.74(16)          N(1)-C(6)-Si(7)              113.40(12)    
N(3)-C(2)-N(1)        108.12(16)          N(3)-C(15)-Si(16)          110.91(13)         
C(2)-N(3)-C(4)        108.70(16)          Si(7)-O(8)-Si(9)              144.40(10)        
C(5)-C(4)-N(3)        107.26(17)          Si(16)-O(17)-Si(18)        139.48(10)     
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C(4)-C(5)-N(1)        107.18(16)          C(6)-Si(7)-O(8)               105.95(8) 
C(2)-N(1)-C(6)        125.99(16)          O(8)-Si(9)-C(13)             107.96(13) 
C(2)-N(3)-C(15)       125.94(16) 
 
Table 2.12 shows the closest C–H···Cl separations in [(SiOSiC1)2im]Cl. Regarding 
the criteria that have been proposed in the literature
44,45
, five hydrogen bonds were found in 
this molecule which are C(2)–H(2A)···Cl(1), C(4)–H(4A)···Cl(1), C(5)–H(5A)···Cl(1), 
C(6)–H(6A)···Cl(1) and C(15)–H(15B)···Cl(1). It can be seen that hydrogen bonds that form 
in [(SiOSiC1)2im]Cl are from protons in the imidazolium ring and methylene groups. This 
finding is in agreement with data for [(SiOSi)C1C1im]Cl and [(SiO)2SiC1C1im]Cl reported in 
section 2.2.1 and 2.2.3.  
Table 2.12:  The closest C-H···Cl separations in [(SiOSiC1)2im]Cl.* 
C···Cl (Å)  H···Cl (Å)  C–H···Cl (°) 
 
C(2)–H(2A)···Cl(1)   3.4322(19)  2.55  153 
C(4)–H(4A)···Cl(1)   3.587(2)  2.79  141 
C(5)–H(5A)···Cl(1)   3.550(2)  2.73  144 
C(6)–H(6A)···Cl(1)   3.6712(19)  2.78  154 
C(13)–H(13A)···Cl(1)  3.893(3)  3.01  154 
C(15)–H(15A)···Cl(1)  3.850(2)  3.04  143 
C(15)–H(15B)···Cl(1)  3.779(2)  3.00  140 
C(20)–H(20B)···Cl(1)  3.784(3)  3.04  135 
*For the purposes of the hydrogen bonding analysis all of the C–H distances were normalised 
to 0.96 Å. 
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Figure 2.17 shows the packing of ions in [(SiOSiC1)2im]Cl viewed down the b-axis 
and Figure 2.18 shows packing of ions in [(SiOSiC1)2im]Cl, viewed down the c-axis. From 
the figures, there is no indication of any π-π stacking interaction of the imidazolium, as was 
also found in [(SiOSi)C1C1im]Cl (Figure 2.10). The siloxane chains dominate the crystal 
packing by forming a thick hydrophobic band.   
 
 
Figure 2.17:  Packing of ions in [(SiOSiC1)2im]Cl, viewed down b-axis. 
 
Figure 2.18:  Packing of ions in [(SiOSiC1)2im]Cl, viewed down from c-axis. 
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2.6 Discussion 
Synthesis of ionic liquid precursors  
From a synthetic point of view, it has been found that the bulkier the chloro-alkyl substituent, 
the slower the alkylation reaction. For example, the reaction beween N-methylpyrrolidine 
with 1-chlorobutane required 3 days to complete the reaction. However, when 1-chlorobutane 
was substituted with 3-(chloromethyl)heptamethyl trisiloxane, the reaction took 10 days to 
achieve 96% conversion under the same conditions. This trend is also observed when 
changing from 1-chlorobutane to 1-chloropentane where the reactions required 3 days for 1-
chlorobutane whereas the alkylation reaction required 5 days for 1-chloropentane to achieve 
> 98% conversion when the same conditions applied.  
A trial has been performed in an attempt to speed up the reaction rate by increasing 
the temperature. This succeeded, but the reaction solution turned from colorless to yellow and 
therefore the purification step was more difficult. The product needs to be washed a few 
times with a large amount of solvent in order to get white and clean salts and the yield 
isolated was dramatically decreased from 82% to 26%. [See Section 2.4.10].  
By changing from 1-methylimidazole to 1-methylpyrrolidine the reaction time to 
achieve > 96% conversion is almost the same. In terms of yield, this study attempts to 
optimize the conditions in order to give a very good yield of pure ionic liquid starting 
materials. This study also answered these two important questions.  
1. At what temperature should the reaction be carried out? 
2. How long should the reaction time be?  
The solvent chosen for the 
13
C NMR spectroscopic characterization of 
[(SiO)2SiC1C1im]Cl and [(SiO)2SiC1C1pyrr]Cl was changed from DMSO-d
6
 to CDCl3 due to 
the CD3 signal in DMSO-d
6
 at 39.52 ppm (a septet). The solvent residue obscured a carbon 
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signal belonging to NCH2Si and NCH3 for [(SiO)2SiC1C1im]Cl and [(SiO)2SiC1C1pyrr]Cl, 
respectively.   
As is described in the synthesis section, the reactions take a long time (3-10 days, 
depends on the ionic liquid starting materials). One way to reduce the reaction time is by 
using microwaves but one of the disadvantages of using this method is that the product may 
be obtained in a liquid form due to exposure to air in the experimental procedure, with the 
salt thus picking up moisture.
50
 With the conventional method that has been provided here, 
there is no point at which the reaction is exposed to the air. Another method that can be 
applied to reduce the reaction time is by changing from a chloroalkane to a bromoalkane. The 
advantages of using the bromoalkane route is that the alkylation reaction is quicker than when 
using a chloro-alkane, however the next step which is the metathesis reaction, has a washing 
step, and this is made more difficult. Chloride salts are more hydrophilic and less soluble in 
organic solvents than bromide salts. This will be an advantage in the subsequent ion 
exchange and washing steps [See Chapter III].  
Table 2.13:  The yield of the ionic liquid precursors.  
Ionic liquid precursors   Yield (%) 
[C4C1im]Cl     81 
[C5C1im]Cl     72    
[C2OC2C1im]Cl    68 
[(SiOSi)C1C1im]Cl    85 
[(SiO)2SiC1C1im]Cl    66.8 
[(SiOSiC1)2im]Cl    65 
[C4C1pyrr]Cl     77.9 
[C5C1pyrr]Cl     93 
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[C2OC2C1pyrr]Cl    92 
[(SiOSi)C1C1pyrr]Cl    82 
[(SiO)2SiC1C1pyrr]Cl     85.7 
 
Melting points of the ionic liquid precursors. 
Table 2.14:  The melting points of the ionic liquid precursors.  
Chloride Salts    Melting Point (C) 
[C4C1im]Cl   70 C   65-69 C
51
, 70
52,53
 
[C5C1im]Cl   liquid at RT    
[C2OC2C1im]Cl  liquid at RT 
[(SiOSi)C1C1im]Cl  140 C 
[(SiO)2SiC1C1im]Cl  80 C 
[(SiOSiC1)2im]Cl  114 – 117 C 
[C4C1pyrr]Cl   124 C   124 C
54
 
[C5C1pyrr]Cl   178 – 180 C 
[C2OC2C1pyrr]Cl  75 C   75 C
54
 
[(SiOSi)C1C1pyrr]Cl  196 C 
[(SiO)2SiC1C1pyrr]Cl   178 C 
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The general trend that is observed in the ILs precursors is that the pyrrolidinium 
chlorides have higher melting points compared to the imidazolium chlorides. From the 
crystallography data, it has been found that pyrrolidinium chlorides form more hydrogen 
bonds compared to imidazolium chlorides and this factor is probably what increases the 
melting points. An increase in hydrogen bonding probably leads to greater lattice energy and 
thus a higher temperature is needed to break down the lattice. This study has revealed that the 
intermolecular hydrogen bonding interactions play an important role in determining the 
melting point. A - stacking interaction is formed in the [(SiOSi)C1C1im]Cl lattice but on 
adding more siloxane groups to the cation the - stacking breaks down. Therefore, this 
factor might lead to the lower melting points that were observed in [(SiO)2SiC1C1im]Cl and 
[(SiOSiC1)2im]Cl.  
For the alkyl-imidazolium chlorides, on increasing the number of carbon atoms in the 
substituents the melting point of the salt is lowered. This phenomenon is probably caused by 
the increasing cation size causing the Coulomb interaction to get smaller and hence lower the 
melting points of the salt. However, at one point [C10-Figure 2.9], as the non polar domain 
becomes larger the long chain-long chain interaction (dispersion interaction) increases, 
resulting in a highly ordered nanostructured organization.
55
 This aggregation of alkyl chains 
in non polar domains probably increases the melting point for longer alkyl chain 
imidazolium-based ILs. Lopez-Martin et al. proposed a structural section method for 
determining the melting point of imidazolium-based ILs, as shown in Figure 2.19 and 2.20, 
where the symmetry breaking region falls between carbon-1 and carbon-7, therefore the 
melting point is lower. The chloride salts will become solids again once unsymmetrical ion 
coulombic interactions are dominated by the long chain interactions in the hydrophobic 
region. 
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Figure 2.19:  The observed and predicted melting points with increasing carbon chain length 
in cation for 1-alkyl-3-methyl imidazolium hexafluorophosphate, 
[CnC1im][PF6] ionic liquid.
56
  
 
 
 
 
 
 
Figure 2.20:  An optimization of the 1-methyl-3-octadecylimidazolium [C18C1im] cation. 
Structural sections for determining melting point. From left: the charge-rich 
area localized in imidazolium ring, symmetry breaking region which lowers 
the melting point and hydrophobic area that increases the melting point due to 
van der Waals interactions.
56
 
 
Table 2.14 shows that the melting point of the ionic liquid precursor with an ether side 
chain is dramatically decreased in comparison to the ionic liquid precursors with an alkane 
side chain. Terasawa et al.
57
 proposed that the lone pair repulsions between the ether oxygens 
helps the dissociation between cation and anion. Therefore a strong ion pair formation 
between the ions is disturbed and hence the melting point reduced. From a crystallographic 
point of view, Henderson
58
 revealed that replacing the methylene side chain with an ether 
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group leads to significant changes in ion packing. This factor probably makes a weaker 
interaction between the ions resulting in a lower melting point.   
2.7 Conclusions 
In conclusion, this study has provided a reliable and useful method to synthesis ionic liquid 
precursors in good yield and high purity. Eleven ionic liquid precursors have been 
successfully synthesized including six novel compounds. This study also emphasizes the need 
to monitor the extent of the alkylation reaction because that is the key to obtaining a good 
yield from the reaction. This study also suggests that the use of a large excess of chloro 
alkane to imidazole (2:1) in synthesizing imidazolium chlorides which are liquids is helpful 
as this gives high yields and purification of the product is easier. Crystallographic studies 
reveal how intermolecular interactions significantly affect the properties of the precursors. 
The existence of - stacking is probably for the higher melting point of [(SiOSi)C1C1im]Cl.  
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CHAPTER III 
SYNTHESIS OF IONIC LIQUIDS AND SOLVENT-SOLUTE INTERACTIONS IN 
IONIC LIQUIDS (POLARITY MEASUREMENT) 
3.1 Abstract 
This chapter contains two parts: the synthesis of ionic liquids, and polarity measurements of 
the ionic liquids synthesized. Highly pure and colourless ionic liquids have been successfully 
synthesized in a good yield. The ionic liquids that have been synthesized are 1-butyl-3- 
methylimidazolium bis(trifluoromethylsulfonyl)imide [C4C1im][NTf2],  1-pentyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [C5C1im][NTf2], 1-(2-ethoxy-ethyl)-1-
methylimidazolium bis(trifluoromethylsulfonyl)imide [C2OC2C1im][NTf2], 1-methyl-3-
pentamethyldisiloxymethylimidazolium bis(trifluoromethylsulfonyl)imide 
[(SiOSi)C1C1im][NTf2], 1-methyl-3-heptamethyltrisiloxymethylimidazolium 
bis(trifluoromethylsulfonyl)imide [(SiO)2SiC1C1im][NTf2], bis(pentamethyldisiloxymethyl) 
imidazolium bis(trifluoromethylsulfonyl)imide [(SiOSiC1)2im][NTf2], 1-butyl-1- 
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C4C1pyrr][NTf2], 1-pentyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C5C1pyrr][NTf2], 1-(2-ethoxy-ethyl)-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C2OC2C1pyrr][NTf2], 1-methyl 
pentamethyldisiloxy-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide  
[(SiOSi)C1C1pyrr][NTf2] and 1-methyl-1-heptamethyltrisiloxymethylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide  [(SiO)2SiC1C1pyrr][NTf2]. The polarities of these ionic 
liquids have been determined using the Kamlet-Taft empirical polarity scales ,  and  
with the dye set of Reichardt’s Dye, N,N-diethyl-4-nitroaniline and 4-nitroaniline. As 
expected, the  values for imidazolium-based ILs are higher than a those of pyrrolidinium-
based ILs, due to the existence of a relatively acidic proton at the C2 position. There is no 
significant difference in  values, due to the same anion being used in this study. The  
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values for imidazolium-based ILs are higher than pyrrolidinium-based ILs when the same 
anion and side chains were used. The addition of siloxane side chain lowered the  value of 
the ILs.  
3.2 Introduction 
3.2.1 Synthesis of ionic liquids  
One great advantage of ionic liquids is the possibility to tune their physical and 
chemical properties for a specific application by varying the nature of the cations and anions. 
These combinations can potentially give up to 10
18 
different types of ionic liquids.
59
 
Therefore, ionic liquids have been applied in a wide range of applications such as in 
analytical chemistry,
60
 catalysis
61
 and electrochemistry.
62
 Depending on the nature of the 
ionic liquid and selection of cation and anion, ionic liqiuids can be classified as hydrophobic 
or hydrophilic.
63
 Different types of synthetic routes have been developed for the desired ionic 
liquids such as: 
a. Direct alkylation. 
b. Ion metathesis with ion exchange resin. 
c. Methyl carbonate route. 
d. Acid base combination. 
e. Weakly coordinating anion route. 
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a. Direct alkylation  
The direct alkylation method of synthesis is where sulfones, amines or phosphines are used as 
alkylating agents instead of alkyl halides. The great advantage of using this method is that the 
ionic liquid synthesis is free from halogen contamination. Ionic liquids containing methyl- 
and ethyl sulfate anions were synthesized by reacting 1-alkylimidazole with dimethyl sufate 
and diethyl sulfate [Scheme 3.1].
64
  
 
Scheme 3.1: Common preparation route for synthesizing sulfate anion ionic liquids. 
Other examples of ionic liquids synthesized by this route are 1-ethyl-3-
methylimidazolium trifluoroacetate
65
 and triflate.
66
 A salt synthesized using this method can 
also be used as an intermediate for a metathesis reaction as demonstrated by Cassol et al. 
where [C4C1im][C1SO3] is used to prepare [C4C1im]X where {X = [BF4]
-
, [PF6]
-
, 
[PF3(CF2CF3)3]
-
, [CF3SO3]
-
 and [N(CF3SO2)2]
-
.
67
 
However, another researcher in the Welton group who was using this method showed 
that the ionic liquids produced had coloured contamination.
68
 This problem may arise from 
the very reactive alkylating agents used such as methyltrifluoromethanesulfonate or dimethyl 
sulfate. Since the alkylating reagent is very reactive, it is recommended to cool the reaction 
during the alkylation reaction in order to avoid this problem. In addition, most of the 
alkylating agents are water sensitive and can be hydrolysed, resulting in contamination with 
acidic impurities which are difficult to remove. Therefore great care during the drying 
process of the starting materials must be taken and the use of excess alkylating agent should 
be avoided.
68
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b. Anion metathesis with ion exchange resins. 
 The use of an Anion Exchange Resin (AER) is another preparation technique for the 
synthesis of ionic liquids. The resins are polymeric substances which are functionalized with 
charged groups and allow anion exchange to produce ionic liquids. In the ionic liquid field, 
Amberlite resin (OH form) is used to exchange halides with OH
-
. Next, acidic compounds are 
added to the mixture obtained. The desired ionic liquid is obtained through an acid-base 
reaction where the hydroxide is replaced by the new anion. By applying this procedure, ionic 
liquids from 20 natural amino acids have been prepared.
69
 The halide content is normally 
below the detection limit.
70
 Danires et al. developed a method to prepare imidazolim-based 
ionic liquids using this technique to vary the anions as shown in Figure 3.1.
71
 AER 
methodology using water for the synthesis of hydropobic ILs has been studied recently.
72
 
 
 
 
 
 
Figure 3.1: Anions used to carry out the halide exchange with AER.
71
 
Even though this technique provides pure and transparent ionic liquids, it has the 
limitation that it requires large amounts of solvents and resin. The ionic liquid obtained is not 
more than 20 mL/batch. This technique also is also long and labour intensive.   
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c. Methyl carbonate route 
 In this synthetic route, dimethyl carbonate is used as an alkylating agent to produce 
methyl carbonate ionic liquid (Scheme 3.2).
73
 There are two reasons that make methyl 
carbonate intermediates greener than halide precursors:  
1. Dimethyl carbonate is non-toxic whereas most other alkylating agents are 
carcinogens.
74
 
2. The methyl carbonate precursor allows ion exchange with simple acids instead of 
alkali or silver salts and decomposes to methanol and carbon dioxide [Scheme 
3.3].
68
 
Scheme 3.2: Synthesis of 1-butyl-3-methylimidazolium methyl carbonate in methanol.  
 
H3CO O
O
+ HA
H3CO OH
O
+ A CO2 + CH3OH A+
 
Scheme 3.3:  Decomposition of the methyl carbonate anion to methanol and carbon dioxide 
upon addition of acid. 
 The reaction temperature is higher than the boiling point of the alkylating agent 
(dimethyl carbonate = 90 
o
C) and solvent (methanol = 65 
o
C). Therefore this reaction needs 
to be performed in a pressure reactor. The ionic liquids that have been synthesized by this 
route are [C2C1im][MeCO3], [C4C1im][MeCO3], [C4C1im][MeSO3] and [C4C1im][HSO4].
68
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d. Acid base combination. 
In this method, ionic liquids can be prepared by mixing a Brønsted acid and a Brønsted base 
in appropriate stoichiometric quantities. The formation of the ionic liquids is achieved when a 
proton from the acid is transferred onto the base as shown in Scheme 3.4.
75
 The extent of 
proton transfer depends on the nature of the acid and base and the location of the proton 
transfer equilibrium.
76
 
 
 
 
Scheme 3.4:  The formation of [HBim][NTf2] from BIm (Brønsted base) and HNTf2 
(Brønsted acid). 
 
In 2002, BASF introduced an industrial process using an ionic liquid, the BASIL 
(Biphasic Acid Scavenging utilising Ionic Liquids) process for the production of 
alkoxyphenylphosphine [The details of the process are discussed in Chapter I].
18
 Protic acid 
ionic liquids can be prepared by neutralization of a suitable base with an appropriate strong 
acid.
77
 The resulting ionic liquids have been used for several organic reactions such as 
alcohol dehydrodimerization, Fischer esterification and the pinacol rearrangement.
78
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e. Synthesis of RTILs with a weakly coordinating anion 
This synthesis was demonstrated by Bulut et al.
79
 for producing ionic liquids with bulky and 
non-coordinating anions. This reaction requires two steps, firstly the synthesis of the 
Li[Al(hfip)4] followed by anion metathesis. In the first step, pure Li[AlH4] was treated with 
hexafluoroisopropanol in dry hexane [Scheme 3.5] and for the second step lithium was 
exchanged for the desired cation such as imidazolium, pyrrolidinium, or pyridinium [Scheme 
3.6].  
 
 
 
 
 
 
 
Figure 3.2:     The hexafluoroisopropoxyaluminate, [Al(hfip)4]
-
, a weakly coordinating anion. 
 
 
 
Scheme 3.5:  Synthesis of Li[Al(hfip)4].  
 
 
Scheme 3.6:  The anion metathesis reaction for producing ionic liquids by substituting 
various cations for lithium.  
 
 
[Cation]X + Li[Al(hﬁp)4]                [Cation][Al(hﬁp) 4] + LiX
Li[AlH4] + 4(CF3)2CHOH                                Li[Al(hﬁp) 4] + 4H2
   dry hexane
reﬂux, 5-6 hrs
Al
O
O
OO
C
C
C
C
CF3
CF3
CF3
F3C
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CF3H
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CF3
HF3C
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3.2.2 Ionic Liquids Polarity
80
 
Most chemical reactions are carried out in the liquid phase. Solutions are homogenous liquid 
phases consisting of more than one component in variable ratios, with one or more 
component called the solvent and others the solutes. It has long been known that the choice of 
solvent can influence the rate of the reaction. Solvents have been classified by various 
methods such as their physical constants such as boiling point, vapor pressure, density, 
refractive index or thermal conductivity. They have also been classified based on their 
chemical constitution either molecular or ionic in structure. When studying a new solvent, 
polarity is commonly used as a classifier. 
Polarity can be defined as a sum of all possible specific and non-specific 
intermolecular interactions between the solvent and any potential solute.
54
 It is often 
described by the dielectric constant, εr, which is determined by inserting the solvent between 
the two charged plates of a capacitor. The strength of the electric field, E between the plates 
with the sample is proportional to the dielectric constant, εr or relative permittivity. The larger 
the drop in the electric field strength, the larger the polarization and molecular rearrangement. 
Therefore, the dielectric constant represents the ability of a solvent to separate charge and to 
orient its dipole. Solvents with large dielectric constants may act as dissociating solvents and 
are called polar solvents in contrast to non-polar solvents with low dielectric constants.  
 The key characteristics of a liquid that is to be used as a solvent are those that 
determine how it will interact with potential solutes. For a molecular solvent, this is 
commonly simplified to the polarity of the pure liquid, as expressed through its dielectric 
constant. Nevertheless, this constant does not provide adequate correlations with many 
experimental data so other empirical parameters have to be used. Kamlet and Taft have 
developed a system, based on the comparison of the UV-vis spectra of sets of closely related 
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dyes that were selected to probe particular solvent properties. UV-visible spectra may be 
influenced by the surrounding medium in which a solute is dissolved and the solvent can 
bring significant changes in the position, shape of the absorption bands and intensity.
81
 This 
phenomenon is called solvatochromism. “Negative solvatochromism” is the term used for a 
hypsochromic (or blue) shift of the UV-vis absorption band with increasing solvent polarity 
where as “positive solvatochromic” is referred to a bathochromic (or red) shift in decreasing 
solvent polarity. If the ground-state molecule is better stabilized by solvation than the 
molecule in the excited state with increasing solvent polarity, negative solvatochromism will 
result or vice versa.  Clearly, solvatochromism is caused by changing the energy gap between 
solvation of the ground and first exited state of the light absorbing molecule (or its 
chromophore).
81
 In solvatochromic absorbance, the changes in electronic transitions are 
ordered with respect to some behaviour of the medium such as hydrogen-bond donating 
(HBD) acidity, hydrogen-bond accepting (HBA) basicity, dipolarity/polarizability and 
dielectric constant.
81
 
3.2.3 Kamlet-Taft Polarity Measurement 
 
The Kamlet-Taft solvatochromic equation describing the transition energy is: 
 
* sbaAA o       Eq. 3.1  
 
where A is the solute property, this represents the position of maximal absorption in the UV 
spectrum, Ao is the regression value of the solute property, α is a measure of the solvent 
hydrogen bond donor ability (acidity), β is a measure of the hydrogen bond acceptor ability 
(basicity) and π* is an index of solvent dipolarity/polarisability which measures the ability of 
the solvent to stabilize a charge or a dipole. In this equation, a, b, and s are constants 
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characteristic of the solute, and their magnitudes reflect the relative influence of the 
corresponding solvent-solute interactions on A.
82
 
 In this project, four dyes were used as shown in Figure 3.3 to determine the Kamlet-
Taft parameters. Table 3.1 shows electronic transition energies, NTE  and Kamlet-Taft values 
for a selection of ionic liquids and solvents.  
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Figure 3.3:  The dyes used: Reichardt’s dye (A), Nile Red (B), N,N-diethyl-4-nitroaniline 
(C) and 4-nitroaniline (D) 
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Table 3.1: NTE and Kamlet–Taft values for a selection of ionic liquids and solvents.
83
 
Solvent    NTE   π*  α   β  
[C4C1im][BF4]  0.670   1.047   0.627   0.376  
[C4C1im][PF6]   0.669   1.032   0.634   0.207  
[C4C1im][OTf]   0.656  1.006   0.625   0.464  
[C4C1im][NTf2]   0.644   0.984   0.617   0.243  
[C4C1C1im][BF4]   0.576   1.083   0.402   0.363  
[C4C1pyrr][NTf2]   0.544   0.954   0.427   0.252  
[C4C1C1im][NTf2]   0.541   1.010   0.381   0.239  
Water    1.00  1.33  1.12  0.14 
Methanol   0.762  0.73  1.05  0.61 
Acetonitrile   0.460   0.799   0.350   0.370  
Acetone   0.350   0.704   0.202   0.539  
Dichloromethane  0.309   0.791   0.042   -0.014  
Toluene    0.100   0.532   -0.213   0.077 
Hexane   0.009  -0.12  0.07  0.04 
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3.2.3.1  π* values 
 The π* scale of Kamlet and Taft is a descriptor of a solvent’s dipolarity/polarizability, 
which measures the ability of solvents to stabilize a charge or dipole. For ionic liquids, the * 
parameter is a guide to the effect of the solvent properties that are sensitive to interaction with 
the solute dipoles. The relative stabilization of an electronic transition from a ground state to 
excited state depends upon the difference in their dipoles/polarisabilities, which leads to the 
solvatochromism of the probes when the probe neither donates nor accepts hydrogen bonds. 
Originally, seven solvatochromic probes with strong and symmetric absorption spectra were 
studied by Kamlet and Taft in an attempt to equalize any undesirable specific interactions of 
any one probe molecule.
82c
 The data used to calculate π* values were then expanded; in total 
45 dyes were used to produce π* values for more than 200 solvents.82c The π* values are 
normalised between   0 (cyclohexane) and 1 (dimethylsulfoxide).  
 
 
 
 
 
 
Figure 3.4: The π* dye N,N-diethyl-4-nitroaniline. 
In this project, N,N-diethyl-4-nitroaniline was used as a probe to measure the π* 
values [Figure 3.4]. It is the one of the dyes used by Kamlet and Taft.
82c
 Even though the 
probe/dye is not able to donate hydrogen bonds, but it can accept a hydrogen-bond through 
the oxygen of the NO2 substituent.  However, this effect is too weak to significantly influence 
N
N
O O
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the solvatochoromic shift and is therefore neglected. By assuming no hydrogen bonding take 
place between solvent and solute ( =  = 0), the Eq. 3.1 becomes: 
                                    
                                                                       Eq. 3.2  
 
where vo = 27.52 kK (kilokayser, 10
-3
cm
-1
) and s = -3.182; here vo is the regression value for 
a reference solvent system and s is the susceptibility of intensity of the spectral absorption 
due to changing solvent dipolarity/polarizability.
82c
 The Kamlet-Taft parameter π* provides a 
measure of a solvent’s dipolarity/polarizability and was obtained by measuring the 
wavelength of maximum absorbance, vmax in kK, of the dye N,N-diethyl-4-nitroaniline:
82c
 The 
π* parameter can be measured using the solvatochromic probe N,N-diethyl-4-nitroaniline in 
Eq. 3.3
82c
 
)52.27(314.0* 4, nenitroanilidiethylNN        Eq. 3.3 
3.2.3.2  β values82a, 84   
The β scale of HBA (hydrogen-bond acceptor) basicities provides a measure of the solvent’s 
ability to accept a proton (donate an electron pair) in a solute-to-solvent hydrogen bond. A 
pair of homomorph dyes are required in this measurement. In this project 4-nitroaniline and 
N,N-diethyl-4-nitroaniline were used [Figure 3.5]. Both of the dyes are capable of acting as 
HBA substrate (at the nitrogen oxygen) in HBD solvent, but only 4-nitroaniline to act as a 
HBD substrate in HBA solvent.  
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Figure 3.5: The homomorphic dyes used for  measurement. 
 The  values are normalised to  = 1 for hexamethylphosphoric acid triamide 
(HMPA), because it showed the largest enhanced solvatochromic shift and hence the 
strongest hydrogen bond ability of all tested solvents
82a
 and cyclohexane is normalised to  = 
0 as the solvent cannot accept a hydrogen bond. A linear regression [Eq. 3.4] is obtained by 
measuring vmax for the electronic transition of both dyes in different solvents. 
64.2035.1 4,4   nenitroanilidiethylNNnenitroanili      Eq. 3.4 
The Kamlet-Taft parameter β value measures the enhanced solvatochromic shift due to the 
Hydrogen Bond Acceptor (HBA) ability of a solvent [Eq. 3.5] 
      Eq. 3.5 
 
The β value was calculated by using Eq. 3.6 which is obtained by inserting eq. 3.4 into 3.5 
then normalising to the strong HBA solvents used.
82a
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8.2
64.2035.1[ 44, kKnenitroanilinenitroanilidiethylNN 

 
         Eq. 3.6 
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Figure 3.6:  An electronic transition from hydrogen-bonded ground state resembling 1a to 
an excited state 1b would lead to hydrogen-bond strengthening in the 
electronic excitation.
82a
 
 
3.2.3.3  α values  
The α value of a solvent is related to its HBD (hydrogen-bond donor) acidity and describes 
the ability of the solvent to donate a proton in a solvent-to-solute hydrogen bond. In this 
study, Reichardt’s dye was used to determine α values for the ionic liquids. Figure 3.7 shows 
the electronic transition that involves charge delocalization from the phenoxide oxygen into 
the pyridinium ring and the phenyl groups. Hydrogen bonding to the phenoxide oxygen 
should stabilize the ground state relative to the electronic excited state, and the effect in HBD 
solvents should be hypsochromic
†
 as is observed.
82b
  
 
†
hypsochromic = to a higher frequency with increasing solvent polarity. 
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Figure 3.7: The solvatochromic charge transfer transition in Reichardt’s dye. 
 Reichardt’s dye exhibits one of the greatest solvatochromic effects amongst the known 
organic compounds. The intramolecular charge-transfer absorption is shifted between λmax = 
810 nm (for diphenyl ether) and λmax = 453 nm (for water). It is suitable for a wide range of 
environments due to the sensitivity to different solvent-solute interactions. The positive 
charge on the nitrogen and the delocalisation of this charge around the ring allows sensitivity 
towards changing dipolar and polarisation interactions whereas the negative charge at the 
oxygen atom acts as a hydrogen-bond acceptor site and responds to changes of the hydrogen 
bond acidity of the solvent. Therefore, Reichardt’s dye is considered useful for studying a 
combination of several interactions.
81, 85
 
Reichardt’s dye is not soluble enough in methylsiloxanes to be useful (homogeneous 
solution) for spectroscopic measurements so Nile Red was used as an alternative dye to 
determine α values for siloxanes compounds. The chemical structure of Nile Red dye is 
completely different from Reichardt’s dye and the solubility of it in the polymethylsiloxanes 
is sufficient so that the UV-visible spectrum can be recorded. Nile Red is positively 
solvatochromic; thus, when dissolved in increasingly polar media, the wavelength of its 
visible absorption maximum (λmax) moves to longer wavelengths (low energies). In fact, 
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amongst positively solvatochromic dyes, Nile Red displays one of the largest bathochromic 
shifts
†
 known.
86
 On changing the solvent from water to pentane, a change in λmax of 110 nm 
is observed.
87
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Figure 3.8: Solvent effect on the lowest energy peak of Nile Red 
 
 
 
 
 
†
bathochromic shift =  shift of an absorption to a longer wavelength or lower frequency due to 
substitution or solvent effect (red shift). 
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ET(30) and 
N
TE  Scale of Solvent Polarity
81
 
ET(30) values are based on the negative solvatochromic shift of Reichardt’s dye as a probe 
molecule and are defined as the molar electronic transition energies (ET) of the dissolved dye, 
measured in kilocalories per mole (kcal/mol) at room temperature (25
o
C) and normal pressure 
(1 bar), according to equation 3.7; where υmax is the frequency and λmax is the wavelength of 
the maximum of the longest wavelength, intramolecular charge-transfer π-π* absorption of 
the dye.  
)(
28591)()108591.2().)(30(
max
1
max
3
max
1
nm
cmvNhcvmolkcalE A 
     Eq. 3.7 
Reichardt’s dye was used to determine the polarity of the ionic liquids and the ET 
scale is determined by the charge transfer absorption band of the dye in the solvent. ET(30), 
where 30 indicates the number assigned to this dye, represents the energy required to go to 
the excited state from the ground state. In addition, a normalized NTE  value has been 
introduced and is defined according to equation 3.8 by using water and tetramethylsilane 
(TMS) as extreme polar and nonpolar reference solvents, respectively. 
4.32
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)()(
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TMSEwaterE
TMSEsolventE
E T
TT
TTN
T            Eq. 3.8 
The ET(30) and 
N
TE scales express solvent polarity resulting from overall interactions between 
solvent and dye. The normalized NTE  polarity is obtained by measuring the wavelength 
corresponding to the maximum absorption in a solvent:  
                                
4.32
7.30)30( 
 TNT
E
E                                                                  Eq. 3.9                                                                                
where ET(30) in kcalmol
-1
 is 28591/λmax (nm); where, λmax is the wavelength corresponding to 
maximum absorption.  
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For a molecular solvent, the NTE  scale is considered to be a good general scale of 
solvating ability and has been applied to the greatest number of ionic liquids. Measurement of 
the position of the absorption maximum of Reichardt’s dye is a necessary part of the 
measurement of α as well as the source of the NTE  scale.  
The  values collected in this study are shown in Table 3.5 on page 134. In 
determination of α values, the ET(30) values are measured using Reichartd’s dye, and Eq. 
3.12 was used to calculate the value for the ionic liquids synthesized.  Since Reichardt’s dye 
does not dissolve in siloxanes due to their low polarity, the  value calculation for the 
siloxane is derived from Nile Red dye. Eq. 3.10 was used to determine the α value for the 
siloxanes used in this study, and from the previous work
88
 we know that Ao= 20.47, s = -1.95, 
a = -1.01 and b = 0. Therefore, the equation 3.10 derived for Nile Red dye is: 
A = 20.47 – 1.01α -1.95π*            Eq. 3.10      
                
As shown in Figure 3.8, the absorption signal for hexamethyldisiloxane, L2 is split. The 
determination of A is carried out by Eq. 3.11
88
 
             A =  
                      Eq.     3.11
 
where λh and λl are the wavelengths corresponding to the points on the high- and low-energy 
sides respectively, at which the spectrum exhibits half of its maximum intensity.  
 
                       Eq.     3.12
  
Kamlet-Taft values might be affected by the impurities in the ionic liquids. Since the 
purification of ionic liquids is harder than common volatile organic compounds, the purity 
should be maintained from the beginning of the synthesis. Ab Rani et al.
54
 demonstrated the 
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effect of impurities in [C4C1im][NTf2]. The impurities are the compounds used in the 
synthesis of [C4C1im][NTf2] which are 1-methylimidazole, 1-chlorobutane, Li[NTf2] and 
[C4C1im]Cl. The Kamlet-Taft values are little effected by water content, probably due to the 
hydrophobic nature of the ionic liquids. As can be seen in Table 3.2 residual [C4C1im][NTf2] 
and Li[NTf2] have large effects on the  and  values obtained, even with 1% or less 
impurities. On the other hand, the * value of ionic liquids is not easily modified by 
impurities.  
Table 3.2:  Effect on Kamlet-Taft values of adding usual synthetic impurities to 
[C4C1im][NTf2].
54
 
 
 Impurity         
1-methylimidazole  1%  +0.20  +0.25   -0.18 
10%   +0.25  +0.25  -0.26 
Li[NTf2]   1%  +0.10  -0.04  No change 
10%  +0.13  -0.10  No change 
[C4C1im]Cl   1%  -0.03  +0.06  No change 
10%  -0.05  +0.11  No change 
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3.3 Methodology 
3.3.1 Spectroscopic Methods 
 
1
H-NMR, 
29
Si-NMR and 
13
C-NMR spectra were recorded on a Bruker Advance 400 MHz 
spectrometer.  Chemical shifts are reported in ppm and coupling constants are in Hz. The 
NMR chemical shifts are referenced to residual protons in DMSO-d
6
 or CDCl3. 
Mass spectrometric analyses were recorded under ESI conditions by Mr. J. Barton on a VG 
Autospec-Q Mass Spectrometer in the Department of Chemistry, Imperial College London. 
Infra Red spectra were measured on a Perkin Elmer Spectrum 100 FT-IR spectrometer.   
3.3.2 Analytical Methods 
Elemental analyses were conducted by Mr. S. Boyer of the London Metropolitan University 
using a Carlo Erba CE Elemental Analyser. 
Melting points were measured with a Sanjo Gallenkamp apparatus. 
Water content was measured with a Karl Fischer titrator. 
 
3.3.3 Kamlet-Taft Parameter Measurements 
All the dyes, Nile Red (Sigma), Reichardt’s (Sigma-Aldrich), N,N-diethyl-4-nitroaniline 
(Lancaster) and 4-nitroaniline (Fluka), were used as received. The ionic liquids were dried in 
vacuo at 45 °C for 2 days prior to use whereas siloxanes were used as received. The dyes’ 
concentrations were chosen such that the absorbance lay between 0.5 and 1.0. This was 
achieved by preparing a stock solution in DCM. The concentrations of the dyes in the stock 
solution of dichloromethane were Reichardt’s dye = 36.25 mM, N,N-diethyl-4-nitroaniline = 
2.06 mM, 4-nitroaniline = 2.89 mM and Nile Red = 62.82 mM.  
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The stock solution was transferred to a 1mm quartz cell; the dichloromethane was 
removed in vacuo. The problem that was often encountered by using this technique was that 
the stock solution splashed out of the cell when vacuum was applied. The best technique to 
avoid this problem is to place the cuvette in a three-neck round-bottom flask and apply a 
small amount of vacuum to the flask (this can be checked by testing how tight a stopper is). 
The flask should be left for some time (~30 minutes) and if the solvent (DCM) is still in the 
cuvette, then a higher vacuum can be applied. Another way to solve this problem is by 
evaporating the residual solvent under an inert gas stream but this technique takes a longer 
time and is less efficient. After the residual solvent is removed, the ionic liquid or siloxane 
was transferred into the cuvette by a glass syringe under nitrogen. The cuvette was capped 
and sealed and the sample was mixed by sonnicator to ensure a homogenous solution was 
obtained before the experimental measurements. All measurements were made using a Perkin 
Elmer Lamda 2 UV-visible spectrometer. All data manipulations were performed using 
OriginPro70. All measurements were repeated three times and the error of the measurement 
was +0.03 %. 
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3.4  Experimental 
3.4.1 Synthesis of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
[C4C1im][NTf2].
40b
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Lithium bis(trifluoromethylsulfonyl)imide (132 g, 0.46 mol) was added to a solution of 
[C4C1im]Cl (75 g, 0.43 mol) in dichloromethane (100 mL). The mixture was stirred for 48 
hours, then filtered. The residual salt was washed with dichloromethane (2 x 30 mL) and the 
organic extracts were combined. The organic extract was washed with water until the 
aqueous phase was halide free (silver nitrate test). The solvent was removed by evaporation. 
The resulting liquid was stirred with activated charcoal for 24 hours. After removal of the 
charcoal by filtration through a glass fibre membrane, the ionic liquid was dried in vacuo at 
45 
o
C for 48 hours to give 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
(135 g, 75 %) as a colourless liquid. The water content was 23.4 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 9.06 (1H, s, N2CH), 7.68 (1H, s, NCH), 7.62 (1H, s, NCH), 
4.17 (2H, t, 
3
J = 8.0 Hz, NCH2(CH2)2CH3), 3.86  (3H, s, NCH3), 1.79 (2H, m, 
NCH2CH2CH2CH3), 1.29  (2H, m, N(CH2)2CH2CH3), 0.91(3H, t, 
3
J = 6 Hz, N(CH2)3CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 136.61 (s, N2CH), 123.61 (s, NCH), 122.27 (s, NCH), 
119.68 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 48.80 (s, NCH2(CH2)2CH3), 35.63 (s, NCH3), 
31.48 (s, NCH2CH2CH2CH3), 18.83 (s, N(CH2)2CH2CH3)  and 12.92 (s, N(CH2)3CH3). 
m/z (ESI+): 558, [(C4C1im)2N(Tf)2]
+
 and 139, ([C4C1im]
+
, 100% ). 
m/z (ESI-): 699, [(C4C1im)(N(Tf)2)2]
-
 and 280, ([N(Tf)2]
-
, 100%). 
Elemental Analysis (predicted): %C = 28.75 (28.64), %H = 3.68 (3.61), %N = 10.02 (10.02). 
116 
 
IR (ATR) υmax/cm
-1
: 3157 and 2967 (C-H), 2573 (ring C=C), 1347 (S=O), 1132 (F-C-F), 
1051 (C-F). 
 
3.4.2 Synthesis of 1-pentyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,    
[C5C1im][NTf2]. 
 
As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide 
(114.83 g, 0.4 mol)  and 1-pentyl-3-methylimidazolium chloride (68.39 g, 0.36 mol) were 
used to afford [C5C1im][NTf2] (96.73 g, 62 %) as a colourless liquid. The water content was 
243 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 9.08 (1H, s, N2CH), 7.71 (1H, s, NCH), 7.64 (1H, s, NCH), 
4.15 (2H, t, 
3
J = 8.0 Hz, NCH2(CH2)3CH3), 3.85  (3H, s, NCH3), 1.80 (2H, m, 
NCH2CH2(CH2)2CH3), 1.35-1.15  (4H, m, N(CH2)2CH2CH2CH3), 0.86 (3H, t, 
3
J = 8 Hz, 
N(CH2)4CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 136.60 (s, N2CH), 119.65 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]), 
123.65 (s, NCH), 122.29 (s, NCH), 48.98 (s, NCH2(CH2)3CH3), 35.70 (s, NCH3), 29.20 (s, 
NCH2CH2(CH2)2CH3), 27.71 (s, N(CH2)2CH2CH2CH3), 21.57 (s, N(CH2)3CH2CH3)  and 
13.51 (s, N(CH2)4CH3). 
m/z (ESI+): 341, [(C5C1im)2N(Tf)2]
+
 and 153, [C5C1im]
+
, 100%. 
m/z (ESI-): 713, [(C5C1im)[(N(Tf)2]2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 30.66 (30.48), %H = 3.79 (3.95), %N = 9.64 (9.70). 
IR (ATR) υmax/cm
-1
:  3157 and 2963 (C-H), 1573 (ring C=C), 1347 and 1178 (S=O), 1133 (F-
C-F), 1051 (C-F).  
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3.4.3 Synthesis of 1-(2-ethoxy-ethyl)-1-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, [C2OC2C1im][NTf2]. 
 
As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide 
(57.4 g, 0.2 mol)  and 1-(2-ethoxy-ethyl)-1-methylimidazolium chloride (33.88 g, 0.17 mol) 
were used to afford [C2OC2C1im][NTf2] (60 g, 81%) as a colourless liquid. The water content 
was 235 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 9.07 (1H, s, N2CH), 7.72 (1H, s, NCH), 7.68 (1H, s, NCH), 
4.33 (2H, t, 
3
J = 8 Hz, NCH2CH2OCH2CH3), 3.87 (3H, s, NCH3), 3.71 (2H, t, 
3
J = 8 Hz, 
NCH2CH2OCH2CH2), 3.45 (2H, q, 
3
J = 8 Hz, N(CH2)2OCH2CH3), 1.08 (3H, t, 
3
J = 8 Hz, 
NCH2CH2OCH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 136.81 (s, N2CH), 123.44 (s, NCH), 122.66 (s, NCH), 
119.52 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 67.52 (s, NCH2CH2OCH2CH3),  65.55 (s, 
N(CH2)2OCH2CH3), 48.90 (s, NCH2CH2OCH2CH3), 35.72 (s, NCH3), 14.77 (s, 
N(CH2)2OCH2CH3). 
m/z (ESI+): 590, [(C2OC2C1im)2(N(Tf)2)]
+
 , 100% and 155, [C2OC2C1im]
+
, 80%. 
m/z (ESI-): 715, [(C2OC2C1im)[(N(Tf)2]2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 27.65 (27.59), %H = 3.53 (3.47), %N =  9.44 (9.56). 
IR: 2980 and 2880 (C-H), 1576 (ring C=C), 1347 (S=O), 1132 (F-C-F), 1051 (C-F). 
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3.4.4 Synthesis of 1-methyl-3-pentamethyldisiloxymethylimidazolium 
bis(trifluoromethylsulfonyl)imide, [(SiOSi)C1C1im][NTf2].
29
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This was carried out as for the preparation of [C4C1im][NTf2] except, lithium 
bis(trifluoromethylsulfonyl)imide (20 g,   0.07 mol)  and  1-methyl-3-
pentamethyldisiloxymethylimidazolium chloride (18.2 g, 0.065 mol) were used to afford 
[(SiOSi)C1C1im][NTf2] (24.5 g, 72%) as a colourless liquid. The water content was 145.3  
ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 8.91 (1H, s, N2CH), 7.69 (1H, s, NCH), 7.54 (1H, s, NCH), 
3.86 (5H, s, NCH2Si(CH3)2 and NCH3),  0.17 (6H, s, NCH2Si(CH3)2OSi(CH3)3) and 0.05 
(9H, s, NCH2Si(CH3)2OSi(CH3)3). 
C: (100 MHz, DMSO-d
6
) / ppm 135.82 (s, N2CH), 124.33 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]), 
123.57 (s, NCH), 123.13 (s, NCH), 41.13 (s, NCH2Si(CH3)2Osi(CH3)3, 35.62 (s, NCH3), 1.47 
(s, NCH2Si(CH3)2OSi(CH3)3) and -1.23 (s, NCH2Si(CH3)2OSi(CH3)3). 
Si: (79 MHz, DMSO-d
6
) / ppm 10.56 (s, Si(CH3)3) and 2.20 (s, NCH2Si(CH3)2). 
m/z (ESI+): 766, [(SiOSiC1C1im)2N(Tf)2]
+
 and 243, [SiOSiC1C1im,]
+
, 100%. 
m/z (ESI-): 803, [(SiOSiC1C1im)[N(Tf)2]2]- and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 27.64 (27.53), %H = 4.55 (4.43), %N = 7.92 (8.03). 
IR (ATR) υmax/cm
-1
:  3159 and 2961 (C-H), 1570 (ring C=C), 1350 (S-O str), 1258 (Si-Me), 
1134 (F-C-F), 1051 (C-F).  
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3.4.5 Synthesis of 1-methyl-3-heptamethyltrisiloxymethylimidazolium     
bis(trifluoromethylsulfonyl)imide, [(SiO)2SiC1C1im][NTf2]. 
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As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide 
(28.7 g, 0.1 mol)  and 1-methyl-3-heptamethyltrisiloxymethylimidazolium chloride (32 g, 
0.09 mol) were used to afford [(SiO)2SiC1C1im][NTf2] (51.34 g,  95.4%) as a colourless 
liquid. The water content was 167.8 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 8.91 (1H, s, N2CH), 7.71 (1H, s, NCH), 7.51 (1H, s, NCH), 
3.86 (3H, s, NCH3), 3.80 (2H, s, NCH2Si), 0.17 (3H, s, NCH2SiCH3) and 0.08 (18H, s, 
Si(CH3)6).  
C: (100 MHz, CDCl3-d
1
) / ppm 135.94 (s, N2CH), 124.70 (q, 
1
JC-F = 319 Hz, [N(SO2CF3)2]
-
), 
123.73 (s, NCH), 123.14 (s, NCH), 41.12 (s, NCH2Si(CH3)[OSi(CH3)3]2), 36.12 (s, NCH3), 
1.52 (s, NCH2Si(CH3)[OSi(CH3)3]2) and -1.83 (s, NCH2Si(CH3)[OSi(CH3)3]2).  
Si: (79 MHz, DMSO-d
6
) / ppm 11.02 (s, NCH2SiCH3[(OSi(CH3)3]2) and -31.46  (s, 
NCH2SiCH3[(OSi(CH3)3]2). 
m/z (ESI+): 317, [(SiO)2SiC1C1im]
+
, 100%. 
m/z (ESI-): 877, [(SiO)2SiC1C1im)[(N(Tf)2]2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 28.24 (28.13), %H = 4.93 (4.89), %N =  6.95 (7.03). 
IR (ATR) υmax/cm
-1
:  3155 and 2960 (C-H), 1570 (ring C=C), 1350 (S=O str), 1255 (Si-Me), 
1183 (F-C-F), 1135 (C-F), 1051 (Si-O). 
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3.4.6 Synthesis of bis(pentamethyldisiloxymethyl)imidazolium 
bis(trifluoromethylsulfonyl)imide, [(SiOSiC1)2im][NTf2]. 
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As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide    
(14.35 g,  0.05 mol)  and di(pentamethyldisiloxymethyl)imidazolium chloride (20 g,  0.047 
mol) were used to afford [(SiOSiC1)2im][NTf2] (26.45 g, 84 %) as a colourless liquid at 
40°C. 
δH: (400 MHz, DMSO-d
6
) / ppm 8.82 (1H, s, N2CH), 7.56 (2H, s, H
4,5
 (Im)), 3.89 (4H, s, 
NCH2Si(CH3)2), 0.16 (12H, s, NCH2Si(CH3)2OSi(CH3)3), 0.06 (18H, s, 
NCH2Si(CH3)2OSi(CH3)3). 
C: (100 MHz, DMSO-d
6
) / ppm 134.51 (s, N2CH), 123.25 (s, NCH), 119.50 (q, 
1
JC-F = 320 
Hz, [N(SO2CF3)2]
-
), 41.16 (s, NCH2), 1.57 (s, NCH2Si(CH3)2OSi(CH3)3) and -1.27 (s, 
NCH2Si(CH3)2OSi(CH3)3). 
Si: (75 MHz, DMSO-d
6
) / ppm: 10.74 (s, (CH3)3SiO) and 2.58 (s, NCH2Si). 
m/z (ESI+) : 389, [(SiOSiC1)2im]
+
, 100%. 
m/z (ESI-): 949, [((SiOSiC1)2im) (N(Tf)2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 30.58 (30.48), %H = 5.66 (5.57), %N = 6.18 (6.27). 
IR (ATR) υmax/cm
-1
: 3056 and 2947 (C-H), 1565 (ring C=C), 1350 (S=O str), 1252 (Si-Me), 
1183 (F-C-F), 1131 (C-F), 1053 (Si-O). 
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3.4.7 Synthesis of 1-butyl-1-methylpyrolidium bis(trifluoromethylsulfonyl)imide, 
[C4C1pyrr][NTf2].
40b
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This was carried out as for the preparation of [C4C1im][NTf2] except, lithium 
bis(trifluoromethylsulfonyl)imide (152.15 g, 0.53 mol)  and 1-butyl-1-methylpyrrolidium 
chloride (90 g, 0.5 mol) were used to afford [C4C1pyrr][NTf2] (187 g, 88.7%) as a colourless 
liquid. The water content was 155.8 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 3.55-3.25 (6H, m, N(CH2)2 and NCH2(CH2)2CH3), 2.98 
(3H, s, NCH3), 2.09 (4H, s, NCH2(CH2)2), 1.69 (2H, m, NCH2CH2CH2CH3), 1.32 (2H, m, 
NCH2CH2CH2CH3), 0.94 (3H, t, 
3
J = 8 Hz, NCH2CH2CH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 119.64 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 63.61 (s, 
N(CH2)2), 63.30 (s, NCH2(CH2)2CH3), 47.56 (s, NCH3), 25.00 (s, N(CH2)2(CH2)2), 21.05 (s, 
NCH2CH2CH2CH3), 19.23 (s, N(CH2)2CH2CH3), 13.06 (s, N(CH2)3CH3). 
m/z (ESI+): 564, [(C4C1py)2N(Tf)2]
+
 and 142, ([C4C1pyrr]
+
, 100% ). 
m/z (ESI+): 702, [(C4C1py)(N(Tf)2)2]
-
 and 280, ([N(Tf)2]
-
, 100%). 
Elemental Analysis (predicted): %C = 31.15 (31.26), %H = 4.82 (4.77), %N = 6.62 (6.63). 
IR (ATR) υmax/cm
-1
: 2973 and 2868 (C-H), 1467 (CH2), 1344 (S=O), 1138 (F-C-F), 1054 (C-
F). 
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3.4.8 Synthesis of 1-pentyl-1-methylpyrolidium bis(trifluoromethylsulfonyl)imide 
[C5C1pyrr][NTf2]. 
 
As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide 
(100 g, 0.35 mol)  and 1-pentyl-1-methylpyrolidium chloride (56.44 g, 0.3 mol) were used to 
afford [C5C1pyrr][NTf2] as a colourless liquid. The water content was 93.9 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.35-3.25 (2H, m, 
NCH2CH2CH2CH2CH3), 2.98 (3H, s, NCH3), 2.09 (4H, s, N(CH2)2(CH2)2), 1.75-1.60 (2H, m, 
NCH2CH2(CH2)2CH3), 1.40-1.20 (4H, m, N(CH2)2CH2CH2CH3 and N(CH2)3CH2CH3) and 
0.89 (3H, t, 
3
J = 8 Hz, N(CH2)4CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 119.60 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 63.51 (s, 
N(CH2)2), 63.28 (s, NCH2(CH2)3CH3), 47.51 (s, NCH3), 28.04 (s, N(CH2)2(CH2)2), 22.70 (s, 
NCH2CH2(CH2)2CH3), 21.67 (s, N(CH2)2CH2CH2CH3), 21.09 (s, N(CH2)3CH2CH3) and 
13.58 (s, N(CH2)4CH3). 
m/z (ESI+): 592, [(C5C1pyrr)2N(Tf)2]
+
 and 156, [C5C1pyrr]
+
, 100%. 
m/z (ESI-): 716, [(C5C1pyrr)[(N(Tf)2]2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 33.15 (33.02), %H = 5.15 (5.08), %N = 6.37 (6.42). 
IR (ATR) υmax/cm
-1
: 2963 and 2878 (C-H), 1469 (CH2), 1347 (S=O), 1133 (F-C-F), 1057 (C-
F). 
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3.4.9 Synthesis of 1-(2-ethoxy-ethyl)-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide, [C2OC2C1pyrr][NTf2]. 
 
As for the preparation of [C4C1im][NTf2] except, lithium bis(trifluoromethylsulfonyl)imide 
(143.54 g, 0.5 mol)  and 1-(2-ethoxy-ethyl)-1-methylpyrrolidinium chloride (69.28 g, 0.35 
mol) were used to afford [C2OC2C1pyrr][NTf2] (97.2 g, 72 %) as a colourless liquid. The 
water content was 89.3 ppm.  
H: (400 MHz, DMSO-d
6
) / ppm 3.79 (2H, broad singlet, NCH2CH2OCH2CH3), 3.60-3.45 
(8H, m, NCH2CH2OCH2CH3, N(CH2)2 and NCH2CH2OCH2CH3), 3.04 (3H, s, NCH3), 2.09 
(4H, s, N(CH2)2(CH2)2), 1.14 (3H, t, 
3
J = 8 Hz, N(CH2)2OCH2CH3). 
C: (100 MHz, DMSO-d
6
) / ppm 119.56 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 65.71 (s, 
N(CH2)2OCH2CH3), 64.28 (s, NCH2CH2OCH2CH3), 63.94 (s, N(CH2)2), 62.30 (s, 
NCH2CH2OCH2CH3), 48.06 (s, NCH3), 20.87 (s, N(CH2)2(CH2)2), 14.71 (s, 
N(CH2)2OCH2CH3). 
m/z (ESI+): 596, [(C2OC2C1pyrr)2N(Tf)2]
+
 and 158, [C2OC2C1pyrr]
+
, 100%.  
m/z (ESI-): 718, [(C2OC2C1pyrr)[(N(Tf)2]2)]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 30.27 (30.14), %H = 4.50 (4.60), %N = 6.31 (6.39). 
IR (ATR) υmax/cm
-1
: 2983 and 2883 (C-H), 1462 (CH2), 1348 (S=O), 1131 (F-C-F), 1051 (C-
F). 
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3.4.10 Synthesis of 1-methylpentamethyldisiloxy-1-methylpyrolidinium 
bis(trifluoromethylsulfonyl)imide [(SiOSi)C1C1pyrr][NTf2]. 
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This was carried out as for the preparation of [C4C1im][NTf2] except, lithium 
bis(trifluoromethylsulfonyl)imide (34.45 g, 0.12 mol)  and  N-methylpentamethyldisiloxy-N-
methylpyrolidinium chloride (18 g, 0.09 mol) were used to afford [(SiOSi)C1C1pyrr][NTf2] 
(29.38 g, 62%) as a colourless liquid at 30
o
C. The water content was 45.5 ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.08 (2H, s, NCH2Si(CH3)2), 
3.07 (3H, s, NCH3), 2.11 (4H, s, N(CH2)2(CH2)2), 0.28 (6H, s, NCH2Si(CH3)2OSi(CH3)3) and 
0.12 (9H, s, NCH2Si(CH3)2OSi(CH3)3). 
C: (100 MHz, DMSO-d
6
) / ppm 124.29 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]
-
), 66.83 (s, 
N(CH2)2), 56.37 (s, NCH3), 50.69 (s, NCH2Si(CH3)2), 21.13 (s, N(CH2)2(CH2)2), 1.59 (s, 
Si(CH3)3) and 1.02 (s, NCH2Si(CH3)2). 
Si: (79 MHz, DMSO-d
6
) / ppm 11.17 (s, NCH2Si(CH3)2) and 0.91 (s, Si(CH3)3). 
m/z (ESI+): 772, [(SiOSiC1C1pyrr)2(N(Tf)2)]
+
 and 246, [SiOSiC1C1pyrr]
+
, 100%. 
m/z (ESI-): 806, [(SiOSiC1C1pyrr)[(N(Tf)2]2)]
-
 and 208, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted): %C = 29.77 (29.65), % H = 5.42 (5.36), %N = 5.27 (5.32). 
IR (ATR) υmax/cm
-1
:  2960 (C-H), 1463 (CH2), 1349 (S=O), 1225 (Si-Me), 1135 (C-F), 1049 
(F-C-F). 
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3.4.11 Synthesis of 1-methyl-1-heptamethyltrisiloxymethylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide [(SiO)2SiC1C1pyrr][NTf2]. 
 
This was carried out as for the preparation of [C4C1im][NTf2] except, lithium 
bis(trifluoromethylsulfonyl)imide (20.00 g, 0.07 mol)  and  1-methyl-1-
heptamethyltrisiloxymethylpyrrolidinium chloride (20 g, 0.056 mol) were used to afford 1-
methyl-1-heptamethyltrisiloxymethylpyrrolidinium bis(trifluoromethylsulfonyl)imide 
[(SiO)2SiC1C1pyrr][NTf2] (20.18 g, 60 %) as a colourless liquid. The water content was 45.2 
ppm. 
H: (400 MHz, DMSO-d
6
) / ppm 3.60-3.40 (4H, m, N(CH2)2), 3.07 (3H, s, NCH3), 3.01 (2H, 
s, NCH2Si), 2.11 (4H, s, N(CH2)2(CH2)2), 0.24 (3H, s, NCH2Si(CH3)[OSi(CH3)3]2), 0.15 
(18H, s, NCH2Si(CH3)[OSi(CH3)3]2). 
C: (100 MHz, CDCl3-d
1
) / ppm 119.97 (q, 
1
JC-F = 320 Hz, [N(SO2CF3)2]), 67.65 (s, 
N(CH2)2), 56.08 (s, NCH2Si(CH3)[OSi(CH3)3]2), 51.58 (s, NCH3), 21.57 (s, N(CH2)2(CH2)2), 
1.64 (s, NCH2Si(CH3)[OSi(CH3)3]2) and 0.34 (s, NCH2Si(CH3)[OSi(CH3)3]2). 
Si: (79 MHz, DMSO-d
6
) / ppm 10.70 (s, NCH2Si(CH3)[OSi(CH3)3]2), -33.05 (s, 
NCH2Si(CH3)[OSi(CH3)3]2). 
m/z (ESI+): 320, [(SiO)2SiC1C1pyrr]
+
, 100%. 
m/z (ESI-): 880, [(SiO)2SiC1C1pyrr)(N(Tf)2)2]
-
 and 280, [N(Tf)2]
-
, 100%. 
Elemental Analysis (predicted) : %C = 30.46 (29.99), %H = 5.62 (5.70), %N =  4.58 (4.66). 
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IR (ATR) υmax/cm
-1
: 2956 (C-H), 1467 (CH2), 1389 (S=O), 1227 (Si-Me), 1131 (C-F), 1046 
(F-C-F). 
3.5 Result and Discussion 
3.5.1 Synthesis of Ionic Liquids 
In this project, all the ionic liquids have been synthesized by using a metathesis 
reaction (Scheme 3.7) and the method has been optimized in our group.
89
 The ionic liquid 
precursor is dissolved in dichloromethane and stirred with lithium 
bis(trifluoromethylsulfonyl)imide for 1-2 days to ensure the reaction is completed. On 
changing from the chloride anion to the bis(trifluoromethylsulfonyl)imide, [NTf2]
- 
anion, the 
salts turn to liquids. Delocalization of the negative charge within the S-N-S bond of the TFSA 
anion combined with steric protection provided by the sulfonyl oxygen atoms and the CF3 
groups decreases ion-ion interactions within the salt, therefore producing liquids.
90
 
 
Scheme 3.7: Anion exchange of chloride salts to form ionic liquids. 
 Dichloromethane was used as a solvent for this reaction. The selection of the solvent 
was made by considering the high miscibility of the product (ionic liquids) and precipitation 
of the by-product (LiCl), producing a driving force for the reaction. In addition the ionic 
liquid  is easily separated from the LiCl by filtration. Figure 3.9 on page 128 illustrates ion 
metathesis between [C4C1im]Cl and Li[NTf2] in dichloromethane to obtain [C4C1im][NTf2].  
In order to extract traces of ionic liquid and to obtain a good yield, the alkali salt 
(LiCl) was washed a few times (2 to 3 times). The organic phase was then combined and 
washed with water to remove chloride impurities. Since the anion used in this study is 
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hydrophobic the washing process is easy and fast. In general the washing step was carried out 
between five to eight times with 50 mL of water to produce halide free ionic liquids. For 
hydrophilic ionic liquids such as [BF4]
-
 and [OTf]
-  
salts, the washing process becomes more 
difficult: a large amount of DCM (~800 mL for 50 mL of ionic liquids) is used and extracted 
with a small amount of water (~1 mL) each time. More than 50 washings may be needed to 
produce ionic liquids that are completely halide free.
91
 
The chloride content in the ionic liquids synthesized was measured using the AgNO3 
test. If chloride is present in the ionic liquids a white solid will precipitate which is AgCl, 
which has extremely low solubility in water.
92
 The solubility of the AgCl in water is 1.4 
mg/L, therefore the chloride contents of the ionic liquids synthesized was expected to be 
below this value. Once the ionic liquid is free from chloride, the next step is decolorization of 
the ionic liquids. The colorant probably comes from unreacted starting materials
17
 or side 
products during the synthesis of the ionic liquids precursors/halide salts due to the heating 
process.
93
 
Activated charcoal was used to absorb most of the colorant to produce colourless 
ionic liquids.
93a
 Since care has been taken from the beginning of the synthesis of the ionic 
liquids precursors, this process only required a small amount (5-15 gram) of activated 
charcoal. A colourless ionic liquid is a mandatory requirement in this project because the 
ionic liquids are used for spectroscopic measurements. For example, the polarity of the ionic 
liquids is measured by using UV-Visible spectra. The last step of synthesizing ionic liquids 
by this method is passing the liquid through a column containing alumina or silica which will 
trap any remaining imidazole and charcoal particles.
93a
 Figure 3.10 on page 128 shows a few 
of the ionic liquids synthesized in this project.  
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 The drawback for using this technique is that it is not “green”. There are three main 
reasons for selecting this technique: 
1. The starting materials of the desired ionic liquids are commercially available in 
the chloroalkane form. Therefore, the synthesis of the chloride salt intermediate 
ionic liquids are required.  
2. New methods of synthesising ionic liquids seem attractive, such as microwave 
heating
94
 and ultrasound
95
 but are not well developed yet.  
3. Even though there are modern methods to synthesise ionic liquids, the 
conventional method is still widely applied in most common ionic liquid 
synthesis. This is the most promising route in synthesising ionic liquids in good 
quality and quantity.  
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Figure 3.9: The illustration of the metathesis reaction. Upper phase: Liquid phase (ionic 
liquid and DCM). Lower phase: Solid phase (solid inorganic phase).
68
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: Ionic liquids made in this project. From left [C5C1im][NTf2], 
[C2OC2C1im][NTf2] and [(SiOSi)C1C1im][NTf2]. 
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Table 3.6: The yield of the ionic liquids synthesized. 
Ionic Liquids      Yield (%) 
[C4C1im][NTf2]    75    
[C5C1im][NTf2]    62 
[C2OC2C1im][NTf2]    81  
[(SiOSi)C1C1im][NTf2]   72     
[(SiO)2SiC1C1im][NTf2]   95  
[(SiOSiC1)2im][NTf2]    84 
[C4C1pyrr][NTf2]    88.7     
[C5C1pyrr][NTf2]    87  
[C2OC2C1pyrr][NTf2]    72 
[(SiOSi)C1C1pyrr][NTf2]   62 
[(SiO)2SiC1C1pyrr][NTf2]   60 
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3.5.2 Kamlet and Taft Polarity Measurements 
3.5.2.1  π* values  
Table 3.3 shows π* values for the ionic liquids and for several siloxanes. The values 
measured indicate that siloxanes are non polar solvents.  
As expected, changing the alkyl chain on the cation to a siloxy chain results in a 
decrease in polarisibility, which causes the π* value to decrease. These can be seen in Table 
3.3 where the ionic liquids which have a siloxane side chain give lower π* values in 
comparison to those with an alkyl side chain. This phenomenon might be affected by the size 
of side chain; the siloxane side group is bigger than the butyl group, therefore, the 
hydrophobic interaction is increased and π* values are lower.  
Ionic liquids that share the same anion and side chains show that π* values for 
imidazolium are higher than pyrrolidinium values and this finding is in agreement with the 
trend reported in the literature.
54
 Polarisibility may be high in imidazolium ionic liquids in 
comparison to pyrrolidinium ionic liquids because of more delocalisation of orbitals in the 
imidazolium ring. This can also be seen in the relatively high π* value of toluene in 
comparison to hexane as shown in Table 3.1.  
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Table 3.3: π* values for the solvents. 
Solvents       π* values   
Hexamethyldisiloxane, L2      0.01 
Octamethyltrisiloxane, L3      0.02 
Octamethylcyclotetrasiloxane, D4     0.04 
Decamethylcyclopentasiloxane, D5     0.07 
[C4C1im][NTf2]       0.96 
[C5C1im][NTf2]       0.97 
[(C2OC2)C1im][NTf2]       0.97 
[(SiOSi)C1C1im][NTf2]      0.91 
[(SiO)2SiC1C1im][NTf2]      0.88 
[C4C1pyrr][NTf2]       0.92 
[C5C1pyrr][NTf2]       0.95 
[(C2OC2)C1pyrr][NTf2]        0.93 
[(SiOSi)C1C1pyrr][N(Tf)2]      0.89 
[(SiO)2SiC1C1pyrr][NTf2]      0.87 
Water
83
        1.33 
Methanol
83
        0.73 
Toluene
83
        0.532 
Hexane
83
        -0.12 
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3.5.2.2  β values  
Table 3.4 shows the  values obtained for the siloxane compounds and ionic liquids. 
Data from Table 3.4 indicate that β values of the siloxane compounds fall in the order 
hexamethyldisiloxane < octamethyltrisiloxane < octamethylcyclotetrasiloxane < 
decamethylcyclopentasiloxane. These results were expected due to the increasing number of 
oxygen atoms and therefore numbers of lone pairs so the ability of the solvent to accept 
protons is higher. Therefore β values increase.  
The β value of ionic liquids is usually associated with the anion.83 As the same anion 
was used in this study, there are no significant differences between the values obtained. The β 
values found were around 0.24 to 0.28. The results show that there is no large effect to β 
values by changing the cation. However, the β values for the siloxane side chains were higher 
than alkyl side chains, this may caused by the number of the lone pairs from the oxygen in 
the siloxane group.  
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Table 3.4: β values for the solvents. 
Solvents        β values 
Hexamethyldisiloxane, L2      0.06 
Octamethyltrisiloxane, L3      0.11 
Octamethylcyclotetrasiloxane, D4     0.12 
Decamethylcyclopentasiloxane, D5     0.14 
[C4C1im][NTf2]       0.24 
[C5C1im][NTf2]       0.26 
[(C2OC2)C1im][NTf2]       0.28 
[(SiOSi)C1C1im][NTf2]      0.28 
[(SiO)2SiC1C1im][NTf2]      0.28 
[C4C1pyrr][NTf2]       0.26 
[C5C1pyrr][NTf2]       0.26 
[(C2OC2)C1pyrr][NTf2]      0.28 
[(SiOSi)C1C1pyrr][NTf2]      0.28 
[(SiO)SiC1C1pyrr][NTf2]      0.28 
Water
83
         0.14 
Methanol
83
        0.61 
Toluene
83
        0.077 
Hexane
83
        0.04 
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3.5.2.3  α values  
Table 3.5 shows the α values obtained for the siloxane compounds and ionic liquids. 
As shown in Table 3.5, the α values for all the siloxane compounds were zero. This result 
was expected due to there being no acidic protons in the siloxane compounds. For the ionic 
liquids, imidazolium cations have higher α values in comparison with pyrrolidinium cations. 
It has long been known that all three of the imidazolium ring protons are acidic
42a, 46
 and 
these results agree with the literature and expected result due to the existence of the acidic C2 
proton on the imidazolium ring. The structure of Reichardt’s dye has been optimized recently 
by Chiappe et al. [Figure 3.11] on page 135. As can be seen in the figure, the dye provides a 
readily accessible HBA centre, represented by the phenolate oxygen and a more hindered 
electron pair acceptor which is “hidden” by its surrounding phenyl ring.96 As a result, 
Chiappe et al. proposed that ionic liquid cations will be highly localized near the phenolate 
oxygen of Reichardt’s dye. From the structure optimization it seems that the acidic proton on 
the C2 of the imidazolium-based ionic liquid cation gives a stronger specific interaction with 
Reichardt’s dye in comparison to pyrrolidinium-based ionic liquids.  
There is no significant difference noticed for the  values on changing the side chains 
of the ionic liquids except for the trisiloxane ionic liquid [(SiO)2SiC1C1im][NTf2]. At first we 
expected the value to be lower than for the disiloxane ionic liquid due to the bulkier group 
attached to the N3 position of the imidazolium ring shielding the acidic proton at the C2 
position, but the result turned out to be different. The crystal structure [as discussed in 
Chapter 2], shows that by attaching the trisiloxane group the C2 proton is more available. 
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Table 3.5: α values for the solvents. 
 Solvents       α value 
Hexamethyldisiloxane, L2      0* 
Octamethyltrisiloxane, L3      0* 
Octamethylcyclotetrasiloxane, D4     0* 
Decamethylcyclopentasiloxane, D5     0* 
[C4C1im][NTf2]       0.64 
[C5C1im][NTf2]       0.63 
[C2OC2C1im][NTf2]       0.64 
[(SiOSi)C1C1im][NTf2]      0.65 
[(SiO)2SiC1C1im][NTf2]      0.79 
[C4C1pyrr][NTf2]       0.47 
[C5C1pyrr][NTf2]       0.44 
[(C2OC2)C1im][NTf2]        0.49 
[(SiOSi)C1C1pyrr][NTf2]      0.59 
[(SiO)2SiC1C1pyrr][NTf2]       0.53 
Water
83
        1.12 
Methanol
83
        1.05 
Toluene        0* 
Hexane
83
        0.07 
*Negative values for α set to zero 
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For the pyrrolidinium cation based ionic liquids, there are no significant differences 
on changing the side chain to a different group with a same length. This is probably because 
the acidity of the cation is mainly determined by the hydrogens on the CH2 in the ring and 
these hydrogen positions are not affected by changing the side chain. However, as reported in 
the literature, the  value is strongly affected by the alkyl chain length as can been seen on 
going from [C4C1pyrr][NTf2] to [C8C1pyrr][NTf2].
97
 This phenomenon is probably due to the 
bigger distance between the cation and anion, caused by a steric effect and makes interaction 
between the pyrrolidinium ring and Reichardt’s dye more favourable for longer alkyl 
chains.
96
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Reichardt’s dye 3-D optimized structure.96  
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As the O of the phenoxide is readily accessible and the centre of positive charge is 
“buried” [Figure 3.11], it can be assumed that the  value is mainly determined by the nature 
of the cation, and that the nature of the anion plays a secondary role in determining the 
values.
96
  
In this project, bistrifluoromethyl sulfonyimide anion can be assumed as a weakly 
coordinating anion.
98
 Therefore the  measurement depends mainly on the nature of the 
cations. From the structure optimization of Reichardt’s dye the  value it can be concluded 
that the cation is more important and anion plays a secondary role, in agreement with 
previous study.
83
   
3.6 Conclusions  
 In terms of the synthesis of the ionic liquids, this study has successfully synthesised, 
pure and colourless ionic liquids including six new ionic liquids in good yield.  
The Kamlet-Taft values showed the  values for imidazolium-based ionic liquids is 
higher than pyrrolidinium-based ionic liquids, probably due to the existence of relatively 
acidic proton at the C2 position. Also of note is that the  value for [(SiO)2SiC1C1im][NTf2] 
is the highest amongst the ionic liquids studied and this finding suggests that the 
conformation of ionic liquids plays an important role in the determination of  values. The  
values for ionic liquids studied change little, probably due to the same anion being used 
throughout this study. The  values indicate that the greater the number of siloxane groups 
added at the side chain, the lower the  values observed.  
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CHAPTER IV 
PHYSICAL PROPERTIES OF ROOM TEMPERATURE IONIC LIQUIDS 
CONTAINING VARIOUS IMIDAZOLIUM AND PYRROLIDINIUM CATIONS 
4.1 Abstract 
The density, thermal stability, viscosity, conductivity, and diffusitivity of ionic liquids with 
various cations paired with the bis(trifluoromethylsulfonyl)imide, [NTf2] anion have been 
studied. The cations are 1-butyl-3-methylimidazolium [C4C1im],  1-pentyl-3-
methylimidazolium [C5C1im], 1-(2-ethoxy-ethyl)-1-methylimidazolium [C2OC2C1im], 1-
methyl-3-pentamethyldisiloxymethylimidazolium [(SiOSi)C1C1im], 1-methyl-3-heptamethyl 
trisiloxymethylimidazolium [(SiO)2SiC1C1im], 1-butyl-1-methylpyrrolidinium  [C4C1pyrr], 1-
pentyl-1-methylpyrrolidinium [C5C1pyrr], 1-(2-ethoxy-ethyl)-1-methylpyrrolidinium 
[C2OC2C1pyrr], 1-methyl pentamethyldisiloxy-1-methylpyrrolidinium [(SiOSi)C1C1pyrr] and 
1-methyl-1-heptamethyltrisiloxymethylpyrrolidinium [(SiO)2SiC1C1pyrr]. The density results 
show imidazolium-based ILs have higher values compared with pyrrolidinium-based ILs and 
that density follows the order of ether > alkyl > disiloxy > trisiloxy for the substituents. The 
thermal stability of the ionic liquids follows the order of alkyl > ether > disiloxy > trisiloxy 
side chains for both imidazolium and pyrrolidinium based-ILs. The transport properties of the 
ionic liquids with similar length substituents follow the order ether > alkane > disiloxane. The 
conductivity and diffusion of ions are inversely proportional to viscosity. This suggests that 
the faster movement of the ions, the lower the viscosity of the liquids and that the flexibility 
of the siloxane bonds has very little effect on viscosity.  
 
 
 
 
140 
 
4.2 Introduction 
Before any application of ionic liquids, the measurement and understanding of their physical 
properties are required, then the properties can be manipulated for specific applications. 
Surprisingly, there are relatively little data available on the physical properties of ionic 
liquids.
7
  
This chapter presents data on the physical properties of ionic liquids; density, thermal 
stability, viscosity, conductivity, and self diffusion coefficient of the ionic liquids that consist 
of cations with alkane, ether, disiloxane and trisiloxane side chains on imidazolium and 
pyrrolidium rings. The ionic liquids used in this study are shown in Figure 4.1. The synthesis 
of the ionic liquid precursors and the ionic liquids has been discussed in Chapter II and III, 
respectively and their physical properties will be described in this chapter.  
 
Figure 4.1: Ionic Liquids used in this study. 
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The nature of the anion plays an important role in determining the physical properties 
of ionic liquids, such as their miscibility with conventional solvents, viscosity and 
hygroscopicity.
99,100 
One anion, bis(trifluoromethylsulfonyl)imide anion, [NTf2]
-
 was chosen 
for this study because: 
1. It is air and water stable.101 
2. The synthesis of ionic liquids containing the [NTf2]
-
 is easier when compared 
to those containing other common anions.  
3. Due to the poor nucleophilicity of [NTf2]
-
, the [NTf2]
-
 appears to form the 
most stable ionic liquids to thermal degradation.
102
 
4. Ionic liquids with this anion, [NTf2]
-
, show useful physical properties such as 
good conductivity and good gas uptake.
103
  
5. Ionic liquids containing the [NTf2]
-
 are among the most studied, therefore the 
results can be compared with other studies.   
6. The [NTf2]
-
 lowers the melting point of quaternary ammonium cations.
104
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4.3 Experimental 
4.3.1 Density Measurement 
The density of Ionic Liquids was measured by using an oscillating U-tube density meter 
(Anton Paar, DMA 38). The density, ρ, of the ionic fluids in the measuring tube is related to 
the period of oscillation, , by the equation 4.1:105   
 = (2 – B)/A     Eq. 4.1 
where B and A are the constants of the apparatus which incorporate the volume, mass and 
spring constant of the oscillating tube. A 1 ml sample of each ionic liquid was filled into a U 
tube and the measurements were carried out at 25 °C unless otherwise stated. The 
measurement was carried out three times giving the same value for each of the three 
measurements.   
4.3.2 Thermal Stability 
Thermal stability investigation by using Thermogravimetric Analysis (TGA) is a quick and 
reproducible technique for measuring the decomposition temperature of materials, including 
ionic liquids and thermal stability is a useful property to determine for new ionic liquids. For 
known ionic liquids, the values are compared with literature values. It should be noted that 
each of these values is valid as long as the method of analysis used such as type of pan, 
temperature programming, error measurement and also purity of the ILs are the same, as 
these parameters might affect the values measured.  
In this experiment, the thermal stability of the ionic liquids was measured by using a 
Perkin Elmer Thermogravimetric Analyzer. The instrument was thermally calibrated by using 
a series of metals and alloys with different melting points (iron, nikel, alumel and perkalloy).  
Approximately 10 mg of accurately weighed samples were placed in a platinum pan and the 
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experiments were carried out under N2 with a flow rate of 20 ml/min. The measurement was 
repeated between three and five times with an error tolerance of +1 C. The program was 
conducted as follows: the samples were held at 35 C for 30 minutes, then heated to 600 C at 
a rate of 10 C/minute. The samples were held at 600 °C for 30 minutes and finally allowed 
to cool.  
The Tdecomposition of the samples was determined by measuring the Tonset which is the 
intersect between the two tangents established by plotting two straight lines at the 
decomposition curve as shown in Figure 4.2 The Pyris Series software was used to determine 
the onset temperature. 
 
Figure 4.2: The decomposition temperature (Tonset) and decomposition curve for 1-methyl-
3-butylimidazolium bis(trifluoromethylsulfonyl)imide, [C4C1im][NTf2], 
determined by TGA. 
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4.3.3 Transport properties 
4.3.3.1 Viscosity    
The viscosity measurements were carried out by using an AR 2000 ex cone-plate viscometer 
under a nitrogen atmosphere at controlled temperatures between 25 and 90 °C. The 
viscometer was calibrated with Fluka Viscosity & Density Standard Solution N35.  Ionic 
liquid samples were dried under vacuum at 45 C prior before the measurements. The 
measurements were repeated three times and the error for this experiment was +5 %. 
4.3.3.2 Conductivity 
The conductivity measurements of the ionic liquids were carried out by using a home-made 
conductivity probe with two approximately 5 mm x 5 mm platinum paddles. The probe was 
calibrated by using three commercially available standards (HANNA instrument) with known 
conductivities, 84 S/cm, 1413 S/cm and 12880 S/cm, before each of the measurements. 
The temperature was controlled by using a water bath in a jacketed beaker attached to a 
recirculator and the samples were allowed to reach thermal equilibrium for 30 minutes.  The 
measurements were carried out by using a CH Instrument CHI760C with a frequency range 
between 1 Hz and 1 x 10
5
 Hz. The experiments were carried out under an Ar atmosphere and 
the ionic liquids were dried overnight at 45 C before the measurements. The measurements 
were repeated three times and the error for this experiment was +3 %.  
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4.3.3.3 Diffusion Order SpectroscopY (DOSY) 
Diffusion ordered NMR spectroscopy or DOSY NMR is a 2D NMR technique, one 
dimension  accounts for chemical shifts and the other for diffusion coefficients, developed by 
Morris and Johnson.
106
 This technique is derived from the pulsed field gradient spin-echo 
(PGSE) nuclear magnetic resonance (NMR) for measuring the diffusion coefficient. DOSY 
was introduced to identify the molecular components of a mixture sample and to obtain at the 
same time information on their size. It aims at measuring diffusion coefficients, which are of 
fundamental importance because they are very sensitive to molecular size and shape. It also 
provides information on the molecular weight and molecule aggregation status. In the ionic 
liquids field, this technique provides diffusion properties which measured the diffusion 
coefficients of the individual ionic species.
107
  
A capillary tube was filled with the NMR solvent (DMSO-d
6
) and the tube was 
sealed. The capillary tube was placed in an air tight NMR tube and 0.4 ml pure ionic liquid 
was added. The ionic liquids were transferred into the NMR tube under an atmosphere of dry 
N2 by using a Schlenk technique. The DOSY spectra were recorded at 500 MHz and at 308 
K. Figure 4.3 shows the 2D DOSY 
1
H spectrum for [C5C1pyrr][NTf2]. For the anions, a 
DOSY 
19
F spectrum was recorded and only shows one resonance.  
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Figure 4.3: 2D DOSY 
1
H spectrum for [C5C1pyrr]. All spots (signals) belonging to 
[C5C1pyrr] are aligned and the diffusion coefficient can be measured.  
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4.4 Results and Discussion  
4.4.1 Density 
Table 4.1 shows the density values of the ionic liquids and siloxane chloride salts measured 
by the density meter and X-ray crystallography, respectively. Generally, the ionic liquids 
density is higher than water. 
As shown in Table 4.1, the density of the ionic liquids follows the order ether > 
alkane > disiloxy > trisiloxy substituted cations for both imidazolium and pyrrolidinium 
cations. The higher density of the ether side chain ionic liquid is achieved by formation of 
inter and intramolecular H-bonds. The formation of H-bonds between the ether groups and 
the acidic proton of the imidazolium ring results in a denser packing for ether side chain ionic 
liquids.
108
 Zhou et al. suggested that changing the CH2 unit for an oxygen atom in the side 
chain might cause smaller Van der Waals interaction and there is a higher mass for an oxygen 
atom compared with the CH2 unit.
109
 As a result, a higher density value is achieved for ether 
side chain containing species.  
The density results (Table 4.1) show that by adding more methylene (CH2) groups 
into the alkyl side chain, the density decreases. This finding is in good agreement with  
Kolbeck et al. who stated that as chain length in the [CnC1im][NTf2] series (n = 1, 2, 4, 6, 8, 
10, 12) is increased, a decrease in density is noticed. This phenomenon is believed to arise 
because increasing the non polar region, leads to less denser packing where more spaces are 
take up.
110
 The nature of the anion and the cation head groups are independent of this 
trend.
38b,111
 
The density values of disiloxy-ILs are higher than trisiloxy-ILs, which suggests that 
as the hydrophobic region is enlarged by adding more siloxane groups, they take up more 
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space leading to less dense packing, thereby lowering the density. Another factor that may 
lead to a lower density values for the ionic liquids containing siloxane side chain compared to 
other ionic liquids studied is the flexibility of the siloxane side chain. The flexibility of 
siloxane side chain may reduce the packing of the ions and hence reduce the density values. 
This trend is reflected in the density of the corresponding siloxane chloride salts, as obtained 
from X-ray crystallography.  
 Lower densities are achieved by changing the head group from the imidazolium to 
pyrrolidinium cations and this trend is in agreement with that reported in the 
literature.
110,112,113
 This is believed to be due to the configuration of the imidazolium ring 
which is planar; as a result, a denser packing can be achieved than in pyrrolidinium salts. 
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Table 4.1:  Molecular weight (M), Density (ρ) and Molar Volume (Vm) (Vm = (M/ρ)/NA; 
NA is Avogadro’s constant) for ionic liquids and siloxane chloride salts. 
 
Ionic Liquids   M/gmol
-1
   ρ (g/cm3)  Vm/nm
3
 
[C4C1im][NTf2]  419.37  1.43 1.43
110
  0.48 0.485
110
  
[C5C1im][NTf2]  433.39  1.40 1.40
38b,114 0.51 
[C2OC2C1im][NTf2]  435.36  1.45   0.49 
[(SiOSi)C1C1im][NTf2] 523.62  1.32   0.65 
[(SiO)2SiC1C1im][NTf2] 597.77  1.26   0.78 
[C4C1pyrr][NTf2]  422.41  1.39 1.39
110,109
 0.50 0.50
110
 
[C5C1pyrr][NTf2]   436.43  1.36   0.53 
[C2OC2C1pyrr][NTf2]  438.41  1.40   0.51 
[(SiOSi)C1C1pyrr][NTf2] 526.66  1.29 ( T = 30 °C) 0.67 
[(SiO)2SiC1C1pyrr][NTf2] 600.82  1.23   0.81 
[(SiOSi)C1C1im]Cl  278.93  1.16    0.39 
[(SiO)2SiC1C1im]Cl  353.09  1.14   0.51 
[(SiOSi)C1C1pyrr]Cl  281.97  1.13   0.41 
[(SiO)2SiC1C1pyrr]Cl  356.13  1.11   0.53 
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4.4.2 Thermal Stability 
Table 4.2 shows the Tonset temperature value from experimental results and the literature for 
the ionic liquids studied. Figure 4.4 and Figure 4.5 show the TGA results for imidazolium 
and pyrrolidinium based ionic liquids, respectively. As shown in the figures the stability of 
the ionic liquids follows the order alkyl > ether > disiloxy > trisiloxy substituent for the 
cations. The disiloxy-ILs are more stable than trisiloxy-ILs and this result suggests that the 
stability is also affected by the size and shape of the substituent. This finding is consistent 
with that found by Takuda et al.
112
 who found that a 1-butyl-2,3-dimethyl imidazolium salt is 
thermally more stable than a 1,2-dimethyl-1-isopropylimidazolium salt.
112
 
These experiments were carried out to determine the Tonset without any attempt to 
investigate the products produced during the decomposition process.  However, from the 
literature it can be concluded that the possible mechanisms that lead to decomposition are:  
1. Hoffman elimination which is via C-N bond cleavage.102a, 115 
2. For halide-based ILs, the decomposition mechanism is dominated by nucleophilic 
attacks by halide anions.
115
 Thus, halide anions reduce the thermal stability 
dramatically; this causes the onset of decomposition to occur below 100 °C, as is 
found for other ILs containing non-halide anions.
103a
  
3. For imidazolium-based ILs, substitution of the C2 hydrogen with a methyl group 
increased the stability of the cation.
116
  
4. For ionic liquids with longer alkyl substituents (butyl and hexyl), C-C bond 
cleavages were observed.
115
  
5. The amount of imidazolium ring decomposition observed at 500 °C was very 
little.
115
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From the mechanisms above, the possible products and routes of decomposition for 
ionic liquids studied are shown in Schemes 4.1, 4.2, 4.3 and 4.4. The decomposition study of 
ionic liquids that was carried out by spectroscopic techniques in the literature showed that the 
values are about 100 C lower than measured by the TGA technique because TGA only 
measures weight loss whereas spectroscopic techniques rely on colour changes.
117
 
Table 4.2:    The experimental and literature values for decomposition temperature of the ILs. 
Ionic Liquids             Tonset/C (by TGA exp.)  Tonset/C (by TGA lit.) 
[C4C1][NTf2]     433   422
102b
, 427
112
, 439
118
 
[C5C1im][NTf2]    455 
[C2OC2C1im][NTf2]    438 
[(SiOSi)C1C1im][NTf2]   400 
[(SiO)2SiC1C1im][NTf2]   392 
[C4C1pyrr][NTf2]    431 
[C5C1pyrr][NTf2]    462 
[C2OC2C1pyrr][NTf2]    445 
[(SiOSi)C1C1pyrr][NTf2]   441 
[(SiO)2SiC1C1pyrr][NTf2]   422 
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Figure  4.4: Thermogravimetric analysis for imidazolium-based ILs. 
 
 
Figure 4.5: Thermogravimetric analysis for pyrrolidinium-based ILs. 
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Scheme 4.1: Possible thermal decomposition pathways for the ionic liquids studied.
115, 117
 
 
 
Scheme 4.2:  Possible thermal decomposition path for siloxy substituent ILs through 
formation of methane.
119
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Scheme 4.3: PDMS molecular depolymerisation mechanism.
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Scheme 4.4: Decomposition pathway of the [NTf2]
-
 via SO2 elimination.
120
 
 From the TGA results of the ionic liquids studied here, it can be concluded that the 
thermal stability of the ionic liquids studied here relies on the nature of the cation and that the 
stability follows the order alkane > ether > disiloxane > trisiloxane for the substituents. In the 
future, it would be interesting to investigate the decomposition products, the mechanism of 
ionic liquids decomposition and the decomposition rate to discover why pyrrolidinium ionic 
liquids are more stable than imidazolium ionic liquids.  
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4.4.3 Transport Properties 
An estimation of the transport properties (viscosity and conductivity) of the ions in ionic 
liquids is important for designing new ionic liquids for electrolytes. The transport properties 
of ionic liquids depend on the translational motion of the ions and are strongly affected by the 
association and ordering of the ions in the liquid phase.
121
 
4.4.3.1 Viscosity 
One of the key limitations of using ionic liquids is that they have higher viscosity values (10
1
-
10
3
 Pa.s
-1
) in comparison to molecular solvents (1-5 x 10
-3
 Pa.s
-1
). Abbott (2004)
122
 proposed 
the Hole Theory application to explain this phenomenon. The Hole Theory
122
 suggests that on 
melting, an ionic material contains empty space that arises from thermally generated 
fluctuations in local density. The average size of holes in molten salt is similar to the 
corresponding ion (1-1.26 Å).  Thus, it is fairly easy for a small ion to move into the vacant 
site and hence the viscosity of molten salts is similar to that for molecular liquids. Eq. 4.2 
shows that the average size of holes will be smaller at lower temperature. RTILs’ surface 
tension is similar to that of high temperature fused salts. The larger ion size of the ILs makes 
ion mobility more difficult. As a result, the viscosity of ionic liquids is higher than that of 
most molecular solvents. 
     


kT
r
5.3
)(4 2      Eq. 4.2 
where (r) is the radius of the average sized hole, γ is the surface tension of the liquid, k is the 
Boltzmann constant and T is the temperature in Kelvin.
122  
   
Table 4.3 shows the viscosity of the ionic liquids at 25 °C and the viscosity versus 
temperature results are shown in Figure 4.6 and 4.7. As can be seen from the figures, the 
viscosity follows the trend ether < butyl < pentyl < disiloxane < trisiloxane for both 
imidizolium and pyrrolidinium-based ionic liquids. Imidazolium-based ionic liquids with the 
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same side chain and anion show lower viscosity than the pyrrolidinium-based ionic liquids 
and this trend is in agreement with experimental and simulation studies.
123,124
 This is 
probably due to the existence of delocalized electrons in imidazolium cations at the N-C-N 
position, which reduces the Coulomb interaction network.
125
 As a result, the molecule has 
more freedom of rotation and translation, hence reducing the viscosity for imidazolium-based 
ionic liquids. 
The viscosity of the ionic liquids follows the order ether < alkyl < disiloxy < trisiloxy 
for substituents in both imidazolium and pyrolidinium-based ionic liquids. In general, the 
viscosity correlates with the molecular weights of the liquids. The notable point here is that 
the ionic liquids with ether side chains showed lower viscosity than those with similar length 
pentyl chains. This result suggests that the viscosity of ionic liquids probably correlates with 
the intermolecular interactions between cations and anions. The low viscosity of the ether 
side chain ionic liquid is probably due to lone pair-lone pair repulsions leading to a weak 
interaction in the ion pair formed between cation and anion,
57
 which reduces the melting 
point and viscosity. This was shown in Chapter II, the melting point for [C2OC2C1pyrr]Cl is 
75 ºC whereas the melting point for [C5C1pyrr]Cl is 175-178 ºC. The simulation study carried 
out by Smith et al.
108
 found that intermolecular attractions decrease thus increasing in tail-tail 
separation in ether side chain ionic liquids. In addition, a competition of the ether oxygen 
with the oxygen atom of [NTf2]
-
 was found to reduce the extent of cation-anion correlation. 
These factors probably lower the viscosity of ether side chain ionic liquids in comparison to 
alkane side chain. Siloxane containing ionic liquids do not show any unusual viscosity values 
and are in the normal range for ionic liquids.
126
 It can be concluded that the flexibility of the 
siloxane does not affect the viscosity values of the ionic liquids significantly. This current 
study also suggested that the main factor that determined the viscosity of the ionic liquids is 
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the intermolecular interactions. The weaker the intermolecular interactions, the less viscous 
the ionic liquids, as demonstrated in ether side chain ionic liquids. 
One of the interesting points to highlight here is that melting point cannot be used to 
predict the viscosity. From the melting point measurement, it was expected that 
[(SiO)2SiC1C1im][NTf2] would have a viscosity lower than [(SiOSi)C1C1im][NTf2]. But, by 
expanding the siloxane side chain, it breaks the π-π interaction, therefore the melting point 
for [(SiO)2SiC1C1im]Cl is lower than for [(SiOSi)C1C1im]Cl. The crystal structures for 
[(SiO)2SiC1C1im]Cl and [(SiOSi)C1C1im]Cl are discussed in Chapter II Section 2.5.1 and 
2.5.3.   
The values for the viscosity of the ionic liquids synthesized in this project are in the 
range of the ionic liquids reported in literature. There are no unusual viscosity values 
obtained in this project. The lowest viscosity for hydrophobic ionic liquids values that have 
been reported is [C2C1im][CF3BF3] which has a value of 26 mPa.s
127
 the highest is 
[N7444][NTf2] which has a value of 606 mPa.s
126
 Clearly, the combination of cation and 
anion plays an important role in determination of the viscosity values.  
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Table 4.3: The experimental and literature viscosity values for ILs in this study at 25 °C. 
Ionic Liquids       / mPa.s (exp.)  / mPa.s (lit.)  
[C4C1im][NTf2]    52   52
128
, 57.6
126
  
[C5C1im][NTf2]    65 
[C2OC2C1im][NTf2]    46  
[(SiOSi)C1C1im][NTf2]   89   89
29
   
[(SiO)2SiC1C1im][NTf2]   99  
[C4C1pyrr][NTf2]    80   77.06
129
, 76
130
, 85
131
 
[C5C1pyrr][NTf2]    96  
[C2OC2C1pyrr][NTf2]    56 
[(SiOSi)C1C1pyrr][NTf2]   109 (T = 30 C) 
[(SiO)2SiC1C1pyrr][NTf2]   193 
Pentane        0.22
132
 
Diethyl ether        0.22
132
 
Hexamethyldisiloxane, L2      0.65
133
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Figure 4.6:  Viscosity plotted versus temperature for the imidazolium-based ILs. 
 
 
Figure 4.7: Viscosity plotted versus temperature for the pyrrolidium-based ILs.  
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4.3.3.2 Diffusion Order SpectroscopY (DOSY) 
Self-diffusion is the random translation motion of molecules (or ions) driven by internal 
kinetic energy.
134
 The factors affecting the diffusion numbers are:
135
 
1. Molecular weight. 
2. Hydrodynamic properties such as the molecule or ion size radii, shape and charge. 
3. Surrounding environment such as temperature, intermolecular interactions and 
aggregation state. 
 
 Table 4.5 shows the data collected for self-diffusion of ions from the DOSY 
experiment for cations and anions in the ILs in this study. The results indicate that the 
microscopic ionic self-diffusion coefficients for ionic liquids in this study are in a good 
agreement with the macroscopically obtained viscosity as shown in Figure 4.8.  
 
Figure 4.8:  Diffusion coefficients plotted versus 1/η for the ILs. 
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In general, the diffusivity is correlated to the fluidity (1/η) by the Stoke Einstein Equation 
(Eq. 4.3).
136
 The faster movements of the ions, the lower viscous of the ionic liquids.  
 
rc
Tk
D B                   Eq. 4.3 
where D is the self-diffusion coefficient that is measured directly from the NMR technique, T 
is the absolute temperature, η is the viscosity, r is the effective spherical radius of the 
diffusing species and c is a constant. 
 
The general trend for the diffusion coefficients, D, of the ions for ionic liquids follow 
the order Dcation > Danion, indicating greater mobility for cations compared to anions.
121, 137,
 
138
 
However, this study reveals that this is true for all the ionic liquids with alkane and ether side 
chains, but not for ionic liquids containing siloxane side chains. This phenomenon is 
probably due to the bulkier size of siloxane containing ionic liquid cations, leading to the 
cation diffusing slower than the anions. This finding thus indicates that the van der Waals 
radius of the ions plays an important part in determining of the diffusion coefficient.  
Ether-containing ionic liquids show the highest diffusion number for both cation and 
anion, in comparison to other ionic liquids studied. This was achieved probably due to the 
larger separation between the ions compared to alkyl and siloxy-substituted ILs. The electron 
pairs at the oxygen atom in the ether side chain may cause greater ether-ether side chain 
repulsion. In addition, the oxygen atoms at the anion may promote ion dissociation between 
the ether-ILs and anion. As a result, the ions have more freedom and hence the diffusion 
coefficient is increased. The trend observed in this study is in agreement with the literature 
that found the diffusion coefficient in ether-based ILs is higher than alkane-based ILs.
108
 
The data in table 4.5 indicate a different diffusion coefficient for the anions even 
though the same anion is used in all of the ionic liquids. The highest values are found for 
ionic liquids with ether side chains and the lowest by trisiloxane ionic liquids. This is 
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reflected in the viscosity of the ionic liquids. The shape of the ring also plays an important 
role in the diffusitivity of the ions. Diffusion for the imidazolium ring is faster than 
pyrrolidinium ring cations; probably due to the planar shape of the imidazolium ring. 
 
Table 4.5: Experimental Self-Diffusion Coefficient of Ions in Ionic Liquids at 25 °C. 
Ionic Liquids    cation, D+ (x 10
-7
 cm
2
s
-1
) anion, D- (x 10
-7
 cm
2
s
-1
) 
[C4C1im][NTf2]   3.16 15 (T=80 
o
C)
139
 2.23 12(T=80 
o
C)
139
 
[C5C1im][NTf2]   2.51    1.99 
[C2OC2C1im][NTf2]   3.16    2.51 
[(SiOSi)C1C1im][NTf2]  1.12    1.58 
[(SiO)2SiC1C1im][NTf2]  1.00    1.58  
[C4C1pyrr][NTf2]   2.00    1.58   
[C5C1pyrr][NTf2]   1.58    1.58   
[C2OC2C1pyrr][NTf2]   2.51    2.23 
 [(SiOSi)C1C1pyrr][NTf2]  0.89 (T=30 C)  1.25 (T=30 C) 
[(SiO)2SiC1C1pyrr][NTf2]  0.70    1.00   
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It has been reported that the diffusion order anions is [(C2F5SO2)2N]
-
 > [(CF3SO2)2N]
-
 
≈ [CF3SO3]
-
 ≈ [PF6]
-
 > [CF3CO2]
-
, consistent with the diffusion being influenced by the size 
of anion.
138
 From the cation point of view, the results from this project indicate that inter- and 
intramolecular interaction and size of ions play an important role in determining the diffusion 
coefficient values.  
4.4.3.3 Conductivity 
Table 4.4 shows the experimental and literature conductivity values of the ionic 
liquids studied. The conductivity results follow the order ether > alkyl > disiloxane > 
trisiloxane substituents for imidazolium and pyrrolidinium-based ionic liquids.  
As can be seen in Table 4.4, ionic liquids with ether substituents show the highest 
conductivity values in comparison to the others ionic liquids. Since the conductivity is in 
qualitative agreement with the diffusitivity and viscosity result, factors that affected the 
conductivity values were discussed in the previous section [Section 4.4.3.1 & 4.4.3.2]. Figure 
4.9 and 4.10 indicate the relationship between the viscosity (η), diffusion (D), and 
conductivity (σ). The figures show that the lower the viscosity of the ionic liquids, the higher 
diffusion of the ions and resulting in higher conductivity of the ionic liquids.  
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Figure 4.9:  Diffusion coefficients plotted versus conductivity for the ILs. 
 
 
Figure 4.10:  Conductivity plotted versus 1/η for the ILs. 
 
 
165 
 
 
 
Table 4.4: The experimental and literature conductivity values for the ILs at 25 °C. 
Ionic Liquids    exp.  (x 10
-3
 Scm
-1
)   lit.  (x 10
-3
 Scm
-1
)  
[C4C1im][NTf2]    3.829   3.8
140
 3.9
141
 4.034
129
 
[C5C1im][NTf2]    3.268 
[C2OC2C1im][NTf2]    4.511  
[(SiOSi)C1C1im][NTf2]   1.143 
[(SiO)2SiC1C1im][NTf2]   0.980  
[C4C1pyrr][NTf2]    2.751   2.782
129
 
[C5C1pyrr][NTf2]    1.920  
[C2OC2C1pyrr][NTf2]    3.857 
[(SiOSi)C1C1pyrr][NTf2]   0.649 (T = 30 C) 
[(SiO)2SiC1C1pyrr][NTf2]   0.468 
 
 
 
 
 
 
166 
 
Figure 4.11 shows the Walden plot of the ionic liquids studied. The straight line 
drawn for reference, represents the Walden rule,  = temperature dependent constant and 
calibrated using the data for 0.01 M KCl aqueous solution, where the ions are known to be 
fully dissociated and to have equal mobility. Originally, the Walden rule was based on the 
observation of the properties of aqueous solutions, but has been found applicable in non-
aqueous electrolyte solutions
142
 and molten salts.
143
 In ionic liquids field, the deviation from 
the reference line in the Walden plot can be used to classify ionic liquids as either “good” 
ILs, “poor” ILs or non-ionic (molecular) liquids [Figure 4.12].144 As can been seen in Figure 
4.11, all the ionic liquids synthesized in this project can be classified as “good” ILs. The 
Walden plot shows that all the ionic liquids synthesized in this project fall below the 
reference line and this is common feature that has been observed in most ionic liquids.
145
 This 
suggesting that full dissociation is not complete in ionic liquids.
145
 As can be seen in Figure 
4.11, ionic liquids containing siloxane side chain show larger deviation in comparison to 
ionic liquids containing alkane and ether side chains. Ion association in ionic liquids 
containing a siloxane side chain is more favourable probably due to hydrophobicity of the 
siloxane chain that make ILs containing siloxane side chains more structured in comparison 
to alkyl and ether side chains. As a result, the conductivity for the ionic liquids is lower with 
an increased viscosity for siloxane-ionic liquids as demonstrated in section 4.4.3.1 and 
4.4.3.3. The largest deviation found in [(SiOSi)C1C1pyrr][NTf2] where the deviation from the 
reference line was 0.46. As shown in Table 4.3, all the ionic liquids synthesized are liquid at 
room temperature (T = 25 °C) except for the [(SiOSi)C1C1pyrr][NTf2]. This factor may 
contribute to a large deviation in Walden plot for this ionic liquid.  
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Figure 4.11: Walden plot of ionic liquids studied. 
 
 
Figure  4.12: The classification of ILs.
146
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4.5 Conclusions  
In conclusion, different types of cation head groups and substituents play an important 
role in determining the physical properties of ionic liquids. The ionic liquid containing an 
ether side chain with the imidazolium cation shows the highest density among the ionic 
liquids studied. This is probably due to intermolecular interactions that can occur leading to a 
denser packing for the ionic liquids with ether side chains. Thermal stability of the ionic 
liquids follows the alkane > ether > disiloxane > trisiloxane derivatives. The stability of the 
ionic liquids studied appears to be determined by the nature of the cations. From the transport 
properties point of view, it can be concluded that the faster movement and higher diffusion 
coefficient of the ions, is found for the low viscosity ionic liquids. A Walden plot approach 
shows that all the ionic liquids synthesized in this project are classified as “good” ionic 
liquids.  
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5.0 THESIS SUMMARY AND FUTURE WORK 
 
 The synthesis of 12 novel compounds six of which are ionic liquids have been 
achieved all of which have been well characterized. The novel compounds that have been 
synthesized are shown in Figure 5.1 and 5.2. This study has developed a reliable and rigorous 
method for synthesis of ionic liquids in good yield and high quality. The second part of the 
study provides the physical-chemical properties of the ionic liquids synthesized including: 
solvent solute interactions, density, thermal stability, viscosity, diffusion order spectroscopy 
(DOSY), and conductivity. The results from the physical properties measurement show how 
the combinations of the various ions and their intra- and inter-molecular interactions 
controlled the properties. The flexibility of the siloxane side chain seems to play little effect 
on determining the physical properties. These results will give a basis for further work and 
understand ionic liquids properties and their potential applications.  
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Figure 5.1: Novel imidazolium-based compounds prepared in this work.  
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Figure 5.2:  Novel pyrrolidinium-based compounds prepared in this work. 
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 FUTURE WORK 
I am pleased to see the advancement of knowledge in this field especially to the siloxane 
containing ionic liquids. Here is my advice for future studies:  
5.1. Investigating gas solubility in ionic liquids.   
 There are four main reasons for growing interest in gas solubilities in ILs:
103b, 147
  
a. Use of the ILs as solvents for reactions involving permanent gases.  
b. Gas storage applications. 
c. Gas separation applications 
d. Uses of gases to separate solute from IL solutions. 
 
5.2. Hydrosilylation reaction 
 If there are good results obtained from the gas uptake measurements, it would be 
interesting to make longer siloxane side chains by a hydrosilylation reaction as shown in 
Scheme 5.1. These longer chain substituents may improve the gas solubility property of the 
ionic liquids.  
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Scheme 5.1: Hydrosilylation reaction for making ionic liquids containing long chain 
siloxane group.  
 
5.3. Synthesis of N-heterocyclic carbenes 
 The successful synthesis of the potential carbene precursor [(SiOSiC1)2im]Cl (section 
2.4.6) should allow the synthesis of 1,3-bis(pentamethyl disiloxymethyl)imidazol-2-ylidene 
as shown in Figure 5.3. The idea is to protect the carbene via coordination to silicon giving a 
five-coordinate silicon, something readily achieved in the silicon chemistry.
23
 Silicon can 
weakly coordinate to the carbene and hence the air and moisture sensitive centre can be 
protected as shown in Figure 5.4(A). Recently, Bonnette et al.
148
 demonstrated that silicon-
oxygen derivatives can encapsulate carbenes and protect them from aerobic and aqueous 
degradation as shown in Figure 5.4(B). 
 
 
 
 
Figure 5.3: Target molecule; 1,3-bis(pentamethyl disiloxymethyl)imidazol-2-ylidene. 
 
    A       B 
Figure 5.4: The potential of intra-molecular coordination (A) and inter-molecular 
coordination of N-heterocyclic carbene at silicon (B).
148
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The carbene might be prepared by treating [(SiOSiC1)2im]Cl with a strong base as 
shown in Scheme 5.2. A few attempts have been made to synthesize the carbene in the 
current project, unfortunately they were not successful in this study. 
 
 
 
 
 
 
Scheme 5.2:  Synthesis of 1,3-bis(pentamethyl disiloxymethyl)imidazol-2-ylidene.
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Improvements for the synthesis of the carbene might be: 
1. Solvent choice for the reaction. 
Most of the literature reports using toluene/THF for this reaction. However, 
experience from this study showed [(SiOSiC1)2im]Cl was not fully soluble in the 
solvent. A better solvent for the starting materials would help the overall reaction.  
2. Remove any water in [(SiOSiC1)2im]Cl using a chemical reaction. 
After a few failures in the synthesis of this carbene because of product hydrolysis it 
was decided to dry the starting material under vacuum at 45 C for two days. 
However, this still failed, as the water was in the chloride salt with a concentration of 
25 ppm. Future work should remove water using a chemical reaction such as that 
shown in Scheme 5.3. The use of dry NMR solvents for monitoring the reaction is 
also essential. 
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Scheme 5.3: Drying process to remove water in [(SiOSiC1)2im]Cl via a chemical reaction. 
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 APPENDICES  
Crystals Structure 
Diffraction data these compounds were collected on an Oxford Diffraction Xcalibur 3 
diffractometer and Mo-K α radiation by Dr Andrew J. P. White at the Department of 
Chemistry, Imperial College London.  
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Appendix A 
Crystal data and structure refinement for [(SiOSi)C1C1im]Cl  
Identification code PDL0914 
Empirical formula C10 H23 Cl N2 O Si2 
Formula weight 278.93 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 15.1593(3) Å  = 90° 
 b = 8.54934(14) Å  = 103.130(2)° 
 c = 12.6684(3) Å  = 90° 
Volume, Z 1598.93(6) Å3, 4 
Density (calculated) 1.159 Mg/m3 
Absorption coefficient 0.375 mm-1 
F(000) 600 
Crystal colour / morphology Colourless blocks 
Crystal size 0.51 x 0.32 x 0.08 mm3 
 range for data collection 2.75 to 31.42° 
Index ranges -21<=h<=18, -12<=k<=12, -17<=l<=15 
Reflns collected / unique 13436 / 4574 [R(int) = 0.0175] 
Reflns observed [F>4(F)] 3707 
Absorption correction Analytical 
Max. and min. transmission 0.969 and 0.890 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4574 / 0 / 151 
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Goodness-of-fit on F2 1.033 
Final R indices [F>4(F)] R1 = 0.0317, wR2 = 0.0893 
R indices (all data) R1 = 0.0414, wR2 = 0.0914 
Largest diff. peak, hole 0.403, -0.216 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Table 2. Bond lengths [Å] and angles [°] for PDL0914. 
 
N(1)-C(2) 1.3348(16) 
N(1)-C(5) 1.3797(16) 
N(1)-C(6) 1.4713(16) 
C(2)-N(3) 1.3287(18) 
N(3)-C(4) 1.3737(17) 
N(3)-C(10) 1.4663(17) 
C(4)-C(5) 1.3494(19) 
C(6)-Si(7) 1.8861(13) 
Si(7)-O(8) 1.6283(10) 
Si(7)-C(11) 1.8468(15) 
Si(7)-C(12) 1.8502(15) 
O(8)-Si(9) 1.6353(10) 
Si(9)-C(14) 1.844(2) 
Si(9)-C(15) 1.8457(18) 
Si(9)-C(13) 1.8608(17) 
 
C(2)-N(1)-C(5) 108.63(11) 
C(2)-N(1)-C(6) 125.97(11) 
C(5)-N(1)-C(6) 125.17(10) 
N(3)-C(2)-N(1) 107.94(11) 
C(2)-N(3)-C(4) 109.44(11) 
C(2)-N(3)-C(10) 125.00(12) 
C(4)-N(3)-C(10) 125.55(13) 
C(5)-C(4)-N(3) 106.74(12) 
C(4)-C(5)-N(1) 107.24(11) 
N(1)-C(6)-Si(7) 110.74(8) 
O(8)-Si(7)-C(11) 110.49(6) 
O(8)-Si(7)-C(12) 110.52(7) 
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C(11)-Si(7)-C(12) 111.88(7) 
O(8)-Si(7)-C(6) 105.95(5) 
C(11)-Si(7)-C(6) 109.33(6) 
C(12)-Si(7)-C(6) 108.46(7) 
Si(7)-O(8)-Si(9) 145.89(7) 
O(8)-Si(9)-C(14) 108.39(8) 
O(8)-Si(9)-C(15) 107.73(7) 
C(14)-Si(9)-C(15) 110.46(11) 
O(8)-Si(9)-C(13) 108.87(8) 
C(14)-Si(9)-C(13) 110.66(10) 
C(15)-Si(9)-C(13) 110.63(9) 
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Appendix B 
Crystal data and structure refinement for [(SiOSi)C1C1pyrr]Cl  
Identification code PDL0911 
Empirical formula C11 H28 Cl N O Si2 
Formula weight 281.97 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Orthorhombic, Pbca 
Unit cell dimensions a = 14.2584(2) Å  = 90° 
 b = 10.2124(2) Å  = 90° 
 c = 22.7114(4) Å  = 90° 
Volume, Z 3307.06(10) Å3, 8 
Density (calculated) 1.133 Mg/m3 
Absorption coefficient 0.361 mm-1 
F(000) 1232 
Crystal colour / morphology Colourless blocks 
Crystal size 0.48 x 0.40 x 0.36 mm3 
 range for data collection 3.04 to 32.73° 
Index ranges -18<=h<=21, -14<=k<=11, -33<=l<=28 
Reflns collected / unique 11384 / 5392 [R(int) = 0.0171] 
Reflns observed [F>4(F)] 3962 
Absorption correction Analytical 
Max. and min. transmission 0.917 and 0.898 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5392 / 0 / 145 
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Goodness-of-fit on F2 0.963 
Final R indices [F>4(F)] R1 = 0.0314, wR2 = 0.0859 
R indices (all data) R1 = 0.0456, wR2 = 0.0892 
Largest diff. peak, hole 0.317, -0.427 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
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Table 2. Bond lengths [Å] and angles [°] for PDL0911. 
 
N(1)-C(10) 1.4894(13) 
N(1)-C(5) 1.5012(15) 
N(1)-C(2) 1.5135(13) 
N(1)-C(6) 1.5136(12) 
C(2)-C(3) 1.5160(17) 
C(3)-C(4) 1.532(2) 
C(4)-C(5) 1.5185(18) 
C(6)-Si(7) 1.8902(10) 
Si(7)-O(8) 1.6325(8) 
Si(7)-C(11) 1.8570(13) 
Si(7)-C(12) 1.8579(12) 
O(8)-Si(9) 1.6462(7) 
Si(9)-C(14) 1.8442(14) 
Si(9)-C(15) 1.8483(15) 
Si(9)-C(13) 1.8490(16) 
 
C(10)-N(1)-C(5) 112.10(9) 
C(10)-N(1)-C(2) 109.93(8) 
C(5)-N(1)-C(2) 101.77(8) 
C(10)-N(1)-C(6) 110.31(8) 
C(5)-N(1)-C(6) 112.86(8) 
C(2)-N(1)-C(6) 109.54(8) 
N(1)-C(2)-C(3) 104.57(9) 
C(2)-C(3)-C(4) 105.69(10) 
C(5)-C(4)-C(3) 105.14(10) 
N(1)-C(5)-C(4) 104.38(10) 
N(1)-C(6)-Si(7) 121.87(7) 
O(8)-Si(7)-C(11) 111.46(5) 
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O(8)-Si(7)-C(12) 110.98(5) 
C(11)-Si(7)-C(12) 108.94(6) 
O(8)-Si(7)-C(6) 109.52(4) 
C(11)-Si(7)-C(6) 111.72(5) 
C(12)-Si(7)-C(6) 103.99(5) 
Si(7)-O(8)-Si(9) 142.71(5) 
O(8)-Si(9)-C(14) 110.70(6) 
O(8)-Si(9)-C(15) 106.52(6) 
C(14)-Si(9)-C(15) 108.77(8) 
O(8)-Si(9)-C(13) 109.24(6) 
C(14)-Si(9)-C(13) 109.05(8) 
C(15)-Si(9)-C(13) 112.54(9) 
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Appendix C 
Crystal data and structure refinement for [(SiO)2SiC1C1im]Cl  
Identification code PDL0911 
Empirical formula C11 H28 Cl N O Si2 
Formula weight 281.97 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Orthorhombic, Pbca 
Unit cell dimensions a = 14.2584(2) Å  = 90° 
 b = 10.2124(2) Å  = 90° 
 c = 22.7114(4) Å  = 90° 
Volume, Z 3307.06(10) Å3, 8 
Density (calculated) 1.133 Mg/m3 
Absorption coefficient 0.361 mm-1 
F(000) 1232 
Crystal colour / morphology Colourless blocks 
Crystal size 0.48 x 0.40 x 0.36 mm3 
 range for data collection 3.04 to 32.73° 
Index ranges -18<=h<=21, -14<=k<=11, -33<=l<=28 
Reflns collected / unique 11384 / 5392 [R(int) = 0.0171] 
Reflns observed [F>4(F)] 3962 
Absorption correction Analytical 
Max. and min. transmission 0.917 and 0.898 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5392 / 0 / 145 
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Goodness-of-fit on F2 0.963 
Final R indices [F>4(F)] R1 = 0.0314, wR2 = 0.0859 
R indices (all data) R1 = 0.0456, wR2 = 0.0892 
Largest diff. peak, hole 0.317, -0.427 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
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Table 2. Bond lengths [Å] and angles [°] for PDL0911. 
 
N(1)-C(10) 1.4894(13) 
N(1)-C(5) 1.5012(15) 
N(1)-C(2) 1.5135(13) 
N(1)-C(6) 1.5136(12) 
C(2)-C(3) 1.5160(17) 
C(3)-C(4) 1.532(2) 
C(4)-C(5) 1.5185(18) 
C(6)-Si(7) 1.8902(10) 
Si(7)-O(8) 1.6325(8) 
Si(7)-C(11) 1.8570(13) 
Si(7)-C(12) 1.8579(12) 
O(8)-Si(9) 1.6462(7) 
Si(9)-C(14) 1.8442(14) 
Si(9)-C(15) 1.8483(15) 
Si(9)-C(13) 1.8490(16) 
 
C(10)-N(1)-C(5) 112.10(9) 
C(10)-N(1)-C(2) 109.93(8) 
C(5)-N(1)-C(2) 101.77(8) 
C(10)-N(1)-C(6) 110.31(8) 
C(5)-N(1)-C(6) 112.86(8) 
C(2)-N(1)-C(6) 109.54(8) 
N(1)-C(2)-C(3) 104.57(9) 
C(2)-C(3)-C(4) 105.69(10) 
C(5)-C(4)-C(3) 105.14(10) 
N(1)-C(5)-C(4) 104.38(10) 
N(1)-C(6)-Si(7) 121.87(7) 
O(8)-Si(7)-C(11) 111.46(5) 
199 
 
O(8)-Si(7)-C(12) 110.98(5) 
C(11)-Si(7)-C(12) 108.94(6) 
O(8)-Si(7)-C(6) 109.52(4) 
C(11)-Si(7)-C(6) 111.72(5) 
C(12)-Si(7)-C(6) 103.99(5) 
Si(7)-O(8)-Si(9) 142.71(5) 
O(8)-Si(9)-C(14) 110.70(6) 
O(8)-Si(9)-C(15) 106.52(6) 
C(14)-Si(9)-C(15) 108.77(8) 
O(8)-Si(9)-C(13) 109.24(6) 
C(14)-Si(9)-C(13) 109.05(8) 
C(15)-Si(9)-C(13) 112.54(9) 
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Appendix D 
Crystal data and structure refinement for [(SiOSi)C1C1pyrr]Cl 
Identification code PDL1007b 
Formula C13 H34 N O2 Si3, Cl 
Formula weight 356.13 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 7.76804(19) Å  = 90° 
 b = 36.2938(7) Å  = 92.477(3)° 
 c = 15.1831(4) Å  = 90° 
Volume, Z 4276.60(17) Å3, 8 
Density (calculated) 1.106 Mg/m3 
Absorption coefficient 0.349 mm-1 
F(000) 1552 
Crystal colour / morphology Colourless tabular needles 
Crystal size 0.46 x 0.29 x 0.12 mm3 
 range for data collection 2.85 to 29.55° 
Index ranges -10<=h<=9, -49<=k<=47, -20<=l<=17 
Reflns collected / unique 34605 / 10408 [R(int) = 0.0335] 
Reflns observed [F>4(F)] 8728 
Absorption correction Analytical 
Max. and min. transmission 0.961 and 0.888 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10408 / 344 / 424 
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Goodness-of-fit on F2 1.149 
Final R indices [F>4(F)] R1 = 0.0699, wR2 = 0.1311 
R indices (all data) R1 = 0.0849, wR2 = 0.1366 
Largest diff. peak, hole 0.443, -0.403 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Table 2. Bond lengths [Å] and angles [°] for PDL1007b. 
 
Si(1A)-O(7A) 1.604(3) 
Si(1A)-O(11A) 1.621(2) 
Si(1A)-C(15A) 1.842(4) 
Si(1A)-C(6A) 1.875(3) 
Si(2A)-O(7A) 1.633(3) 
Si(2A)-C(10A) 1.840(5) 
Si(2A)-C(8A) 1.840(5) 
Si(2A)-C(9A) 1.854(4) 
Si(3A)-O(11A) 1.639(2) 
Si(3A)-C(14A) 1.845(4) 
Si(3A)-C(13A) 1.848(4) 
Si(3A)-C(12A) 1.851(4) 
N(1A)-C(16A) 1.490(7) 
N(1A)-C(2A) 1.504(6) 
N(1A)-C(5A) 1.520(6) 
N(1A)-C(6A) 1.654(6) 
C(2A)-C(3A) 1.528(8) 
C(3A)-C(4A) 1.532(8) 
C(4A)-C(5A) 1.505(8) 
N(1')-C(6A) 1.305(6) 
N(1')-C(16') 1.482(9) 
N(1')-C(5') 1.515(7) 
N(1')-C(2') 1.520(8) 
C(2')-C(3') 1.502(9) 
C(3')-C(4') 1.521(9) 
C(4')-C(5') 1.515(8) 
Si(1B)-O(7B) 1.607(3) 
Si(1B)-O(11B) 1.613(2) 
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Si(1B)-C(15B) 1.831(4) 
Si(1B)-C(6B) 1.883(3) 
Si(2B)-O(7B) 1.646(3) 
Si(2B)-C(10B) 1.841(4) 
Si(2B)-C(8B) 1.842(4) 
Si(2B)-C(9B) 1.850(4) 
Si(3B)-O(11B) 1.624(3) 
Si(3B)-C(13") 1.815(16) 
Si(3B)-C(14B) 1.832(6) 
Si(3B)-C(12") 1.838(16) 
Si(3B)-C(12B) 1.842(5) 
Si(3B)-C(14") 1.872(16) 
Si(3B)-C(13B) 1.875(7) 
N(1B)-C(16B) 1.483(6) 
N(1B)-C(2B) 1.511(5) 
N(1B)-C(5B) 1.518(5) 
N(1B)-C(6B) 1.575(5) 
C(2B)-C(3B) 1.513(7) 
C(3B)-C(4B) 1.526(7) 
C(4B)-C(5B) 1.512(6) 
N(1")-C(6B) 1.302(9) 
N(1")-C(16") 1.460(12) 
N(1")-C(2") 1.513(11) 
N(1")-C(5") 1.526(11) 
C(2")-C(3") 1.496(11) 
C(3")-C(4") 1.526(11) 
C(4")-C(5") 1.510(11) 
 
O(7A)-Si(1A)-O(11A) 107.97(14) 
O(7A)-Si(1A)-C(15A) 111.10(19) 
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O(11A)-Si(1A)-C(15A) 110.35(16) 
O(7A)-Si(1A)-C(6A) 109.86(15) 
O(11A)-Si(1A)-C(6A) 109.41(15) 
C(15A)-Si(1A)-C(6A) 108.14(19) 
O(7A)-Si(2A)-C(10A) 107.68(19) 
O(7A)-Si(2A)-C(8A) 110.1(2) 
C(10A)-Si(2A)-C(8A) 111.2(3) 
O(7A)-Si(2A)-C(9A) 107.36(17) 
C(10A)-Si(2A)-C(9A) 110.2(2) 
C(8A)-Si(2A)-C(9A) 110.2(2) 
O(11A)-Si(3A)-C(14A) 106.99(18) 
O(11A)-Si(3A)-C(13A) 109.26(18) 
C(14A)-Si(3A)-C(13A) 110.2(2) 
O(11A)-Si(3A)-C(12A) 108.89(18) 
C(14A)-Si(3A)-C(12A) 110.9(2) 
C(13A)-Si(3A)-C(12A) 110.6(2) 
C(16A)-N(1A)-C(2A) 111.4(5) 
C(16A)-N(1A)-C(5A) 108.9(5) 
C(2A)-N(1A)-C(5A) 101.7(4) 
C(16A)-N(1A)-C(6A) 111.7(4) 
C(2A)-N(1A)-C(6A) 113.0(4) 
C(5A)-N(1A)-C(6A) 109.6(4) 
N(1A)-C(2A)-C(3A) 105.4(4) 
C(2A)-C(3A)-C(4A) 104.9(4) 
C(5A)-C(4A)-C(3A) 106.2(4) 
C(4A)-C(5A)-N(1A) 104.3(4) 
C(6A)-N(1')-C(16') 105.3(5) 
C(6A)-N(1')-C(5') 114.4(5) 
C(16')-N(1')-C(5') 110.4(5) 
C(6A)-N(1')-C(2') 113.1(5) 
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C(16')-N(1')-C(2') 110.7(5) 
C(5')-N(1')-C(2') 103.1(5) 
C(3')-C(2')-N(1') 103.9(5) 
C(2')-C(3')-C(4') 106.9(6) 
C(5')-C(4')-C(3') 106.1(5) 
C(4')-C(5')-N(1') 104.0(5) 
N(1')-C(6A)-Si(1A) 128.9(4) 
N(1A)-C(6A)-Si(1A) 114.7(3) 
Si(1A)-O(7A)-Si(2A) 158.31(19) 
Si(1A)-O(11A)-Si(3A) 140.58(16) 
O(7B)-Si(1B)-O(11B) 107.14(14) 
O(7B)-Si(1B)-C(15B) 112.44(18) 
O(11B)-Si(1B)-C(15B) 111.01(19) 
O(7B)-Si(1B)-C(6B) 111.02(14) 
O(11B)-Si(1B)-C(6B) 109.73(14) 
C(15B)-Si(1B)-C(6B) 105.54(17) 
O(7B)-Si(2B)-C(10B) 107.16(18) 
O(7B)-Si(2B)-C(8B) 109.91(19) 
C(10B)-Si(2B)-C(8B) 110.8(2) 
O(7B)-Si(2B)-C(9B) 108.67(17) 
C(10B)-Si(2B)-C(9B) 110.7(2) 
C(8B)-Si(2B)-C(9B) 109.5(2) 
O(11B)-Si(3B)-C(13") 115(2) 
O(11B)-Si(3B)-C(14B) 109.6(3) 
O(11B)-Si(3B)-C(12") 114(2) 
C(13")-Si(3B)-C(12") 113.1(13) 
O(11B)-Si(3B)-C(12B) 109.8(3) 
C(14B)-Si(3B)-C(12B) 110.6(4) 
O(11B)-Si(3B)-C(14") 93(2) 
C(13")-Si(3B)-C(14") 110.9(12) 
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C(12")-Si(3B)-C(14") 109.5(12) 
O(11B)-Si(3B)-C(13B) 106.5(3) 
C(14B)-Si(3B)-C(13B) 109.7(4) 
C(12B)-Si(3B)-C(13B) 110.5(3) 
C(16B)-N(1B)-C(2B) 112.0(4) 
C(16B)-N(1B)-C(5B) 109.5(4) 
C(2B)-N(1B)-C(5B) 101.2(3) 
C(16B)-N(1B)-C(6B) 109.8(3) 
C(2B)-N(1B)-C(6B) 113.0(3) 
C(5B)-N(1B)-C(6B) 111.1(3) 
N(1B)-C(2B)-C(3B) 105.5(4) 
C(2B)-C(3B)-C(4B) 106.4(4) 
C(5B)-C(4B)-C(3B) 104.6(4) 
C(4B)-C(5B)-N(1B) 104.5(3) 
C(6B)-N(1")-C(16") 105.4(9) 
C(6B)-N(1")-C(2") 112.2(8) 
C(16")-N(1")-C(2") 113.3(9) 
C(6B)-N(1")-C(5") 110.7(8) 
C(16")-N(1")-C(5") 111.8(9) 
C(2")-N(1")-C(5") 103.5(7) 
C(3")-C(2")-N(1") 104.6(7) 
C(2")-C(3")-C(4") 107.4(7) 
C(5")-C(4")-C(3") 105.0(7) 
C(4")-C(5")-N(1") 101.8(7) 
N(1")-C(6B)-Si(1B) 128.3(5) 
N(1B)-C(6B)-Si(1B) 118.7(2) 
Si(1B)-O(7B)-Si(2B) 153.09(19) 
Si(1B)-O(11B)-Si(3B) 146.69(17) 
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Appendix E 
Crystal data and structure refinement for [(SiOSiC1)2im]Cl 
Identification code PDL1008 
Formula C15 H37 N2 O2 Si4, Cl 
Formula weight 425.28 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 23.6696(7) Å  = 90° 
 b = 8.56184(19) Å  = 99.971(3)° 
 c = 12.4697(4) Å  = 90° 
Volume, Z 2488.88(12) Å3, 4 
Density (calculated) 1.135 Mg/m3 
Absorption coefficient 0.356 mm-1 
F(000) 920 
Crystal colour / morphology Colourless tablets 
Crystal size 0.38 x 0.19 x 0.08 mm3 
 range for data collection 2.95 to 32.18° 
Index ranges -33<=h<=32, -10<=k<=12, -14<=l<=18 
Reflns collected / unique 25136 / 7872 [R(int) = 0.0361] 
Reflns observed [F>4(F)] 6343 
Absorption correction Analytical 
Max. and min. transmission 0.975 and 0.902 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7872 / 0 / 217 
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Goodness-of-fit on F2 1.093 
Final R indices [F>4(F)] R1 = 0.0526, wR2 = 0.1243 
R indices (all data) R1 = 0.0683, wR2 = 0.1309 
Largest diff. peak, hole 0.877, -0.357 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Table 2. Bond lengths [Å] and angles [°] for PDL1008. 
 
N(1)-C(2) 1.341(2) 
N(1)-C(5) 1.376(2) 
N(1)-C(6) 1.471(2) 
C(2)-N(3) 1.335(2) 
N(3)-C(4) 1.379(2) 
N(3)-C(15) 1.473(2) 
C(4)-C(5) 1.350(3) 
C(6)-Si(7) 1.8841(19) 
Si(7)-O(8) 1.6255(15) 
Si(7)-C(10) 1.848(2) 
Si(7)-C(11) 1.850(2) 
O(8)-Si(9) 1.6359(15) 
Si(9)-C(14) 1.842(3) 
Si(9)-C(13) 1.844(3) 
Si(9)-C(12) 1.864(2) 
C(15)-Si(16) 1.888(2) 
Si(16)-O(17) 1.6342(15) 
Si(16)-C(20) 1.850(3) 
Si(16)-C(19) 1.850(3) 
O(17)-Si(18) 1.6456(15) 
Si(18)-C(22) 1.844(2) 
Si(18)-C(21) 1.853(3) 
Si(18)-C(23) 1.854(3) 
 
C(2)-N(1)-C(5) 108.74(16) 
C(2)-N(1)-C(6) 125.99(16) 
C(5)-N(1)-C(6) 125.25(15) 
N(3)-C(2)-N(1) 108.12(16) 
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C(2)-N(3)-C(4) 108.70(16) 
C(2)-N(3)-C(15) 125.23(16) 
C(4)-N(3)-C(15) 125.94(16) 
C(5)-C(4)-N(3) 107.26(17) 
C(4)-C(5)-N(1) 107.18(16) 
N(1)-C(6)-Si(7) 113.40(12) 
O(8)-Si(7)-C(10) 111.19(11) 
O(8)-Si(7)-C(11) 111.13(10) 
C(10)-Si(7)-C(11) 112.40(11) 
O(8)-Si(7)-C(6) 105.95(8) 
C(10)-Si(7)-C(6) 108.58(10) 
C(11)-Si(7)-C(6) 107.26(9) 
Si(7)-O(8)-Si(9) 144.40(10) 
O(8)-Si(9)-C(14) 107.96(13) 
O(8)-Si(9)-C(13) 107.74(11) 
C(14)-Si(9)-C(13) 110.54(16) 
O(8)-Si(9)-C(12) 109.25(11) 
C(14)-Si(9)-C(12) 110.62(14) 
C(13)-Si(9)-C(12) 110.64(13) 
N(3)-C(15)-Si(16) 110.91(13) 
O(17)-Si(16)-C(20) 111.16(11) 
O(17)-Si(16)-C(19) 110.86(11) 
C(20)-Si(16)-C(19) 111.08(15) 
O(17)-Si(16)-C(15) 105.39(8) 
C(20)-Si(16)-C(15) 108.43(10) 
C(19)-Si(16)-C(15) 109.73(12) 
Si(16)-O(17)-Si(18) 139.48(10) 
O(17)-Si(18)-C(22) 108.20(9) 
O(17)-Si(18)-C(21) 109.59(11) 
C(22)-Si(18)-C(21) 110.42(14) 
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O(17)-Si(18)-C(23) 109.17(11) 
C(22)-Si(18)-C(23) 110.38(14) 
C(21)-Si(18)-C(23) 109.06(14) 
 
 
